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Analysis of twenty years of historical reproductive data from our study population of 
Florida Scrub-Jays reveals a quadratic relationship between breeder age and number of 
fledglings produced, with the youngest and oldest birds having the lowest reproductive 
success.  Such a decrease in reproductive performance in older birds, despite the likely 
benefits of increased experience, is often attributed to senescence. My dissertation 
research considered reproductive endocrinology, stress physiology, immunology, egg 
hatchability, life history trade-offs, and parental behavior. The oldest and youngest 
females have greater rates of hatching failure than middle-aged females. Results also 
indicate that circulating levels of reproductive hormones decrease with age in male 
Florida Scrub-Jays, but no such pattern was seen in females.  Further, young and middle-
aged males responded to a gonadotropin-releasing hormone challenge of their 
hypothalamo-pituitary-gonadal axis with a significant response of testosterone 
production, whereas old males did not. There were no significant differences among 
different aged birds in baseline stress hormone levels (corticosterone), however, the 
youngest and the oldest birds had a significantly greater magnitude of stress response 
than middle aged birds.   
There were also age-related differences in paternal care, as older male breeders 
consistently deliver more food to nestlings; however, there were no apparent 
physiological costs to do so (assessed with measures of corticosterone levels, innate 
immunocompetence, and body condition).  The importance of biparental care was 
  vi 
evinced as female breeders with mates who delivered more food strayed from the nest 
less often, and for shorter periods of time and female breeders that spent more time away 
from the nest were less likely to fledge young.  
Finally, a disease epidemic killed approximately 40% of the jays in our study 
population in 2008. Interestingly, older birds did not suffer greater mortality than any 
other age group, although surviving individuals all showed greater innate immune 
capabilities before the epidemic, providing a rare opportunity to show natural selection in 
a population of free-living animals. Combined, the results from the experiments and 
analyses of long-term demographic data show a comprehensive picture of age-related 






























Upon arriving at the University of Memphis and joining the lab of Dr. Stephan J. 
Schoech, I soon realized that the study system in which he worked provided a unique 
opportunity to investigate age-related changes in reproductive success and physiology in 
a free-living species.  Such studies are extremely rare in nature because few species are 
non-migratory and easily observable, and long-term monitoring of populations to the 
extent that is achieved by this research group.  Thus, given my interest in reproductive 
physiology, a long standing paradigm that birds ‘resist’ aging better than other 
vertebrates, and a great model system with which to work, I chose to pursue one of the 
most comprehensive studies of reproductive senescence to be conducted with any 
vertebrate species in its natural habitat. The results of this research are detailed within 
this dissertation, broken into an introduction, followed by six chapters - each written as 
separate manuscripts that are either in print, in review, or soon to be submitted to 
journals, and a brief conclusion.  Though the names and number of coauthors vary from 
manuscript to manuscript, I am the primary author on each of the manuscripts that have 
been prepared for a journal.  
 Chapter 1 is the introduction to this research, complete with background material 
and descriptions of how each of the following chapters fits into the overarching story.  
This chapter will not be submitted as a manuscript and has been formatted according to 
guidelines for dissertations set forth by the graduate school at the University of Memphis.  
Chapter 2, entitled “Parental, Social, and Environmental Factors associated with 
Hatching Failure in the Florida Scrub-Jay” has been written in manuscript form for the 
journal Ibis, and is currently in review with that journal.  Chapter 3, entitled 
  viii 
“Reproductive Hormones and Age: Results from a Longitudinal Study and GnRH 
Challenge of Florida Scrub-Jays” has been written in manuscript form for the journal 
Hormones and Behavior, and will be submitted for review very soon. Chapter 4, entitled 
“Baseline and Stress-induced Corticosterone in Different-aged Florida Scrub-Jays” has 
been written in manuscript form for the journal General and Comparative 
Endocrinology, and will also be submitted for review very soon.  Chapter 5, entitled 
“Older can be better: Physiological costs of paternal investment in the Florida scrub-jay” 
has been published in the journal Behavioral Ecology and Sociobiology, and although it 
is not yet in print, it has been published online ahead of print (doi: 10.1007/s00265-010-
0966-4). Chapter 6, entitled “Variation in female nest attendance in Florida scrub-jays: 
correlates and consequences” is currently in review with the journal Animal Behaviour, 
and has been formatted accordingly.  Chapter 7, entitled “Selection on innate immunity 
and body condition in Florida scrub-jays  
throughout an epidemic”, has been published in the journal Biology Letters, and although 
it is not yet in print, it has been published online head of print (doi: 
10.1098/rsbl.2009.1078).  Finally, the brief conclusion ties together the findings of each 
of the chapters, will not be submitted to a journal, and has been formatted according to 
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Chapter 1  Introduction to Reproductive Senescence in Florida Scrub-Jays 
 
 
The Florida Scrub Jay (Aphelocoma coerulescens) is a cooperatively breeding 
passerine that is restricted to remnant scrub oak habitat of peninsular Florida.  Analysis of 
twenty years of reproductive data from our study population of Florida Scrub-Jays 
reveals a quadratic relationship between breeder age and number of fledglings produced, 
with the youngest and oldest birds having the lowest reproductive success.  Such a 
decrease in reproductive performance in older birds, despite the likely benefits of 
increased experience, is often attributed to senescence. Senescence is the progressive 
deterioration of structure and function over time, and in vertebrates is manifested as an 
age-related increase in mortality, decrease in fecundity, or both. There are three general 
patterns of how reproductive success varies with age in birds. Pattern one is characterized 
by short-lived species that demonstrate stable reproduction for two to three years after 
maturation, followed by a sharp decline in reproductive success. Pattern two consists of a 
moderately long life span with a slow decline in reproductive success. Pattern three is 
characterized by long-lived species that demonstrate stable reproductive success, even 
though aging results in degeneration of somatic tissues. Florida Scrub-Jays best fit pattern 
two and, prior to this work, I know of no research that has examined the physiological 
mechanisms of senescence in such a moderately long-lived bird species. 
The physiology of senescence is complex, and involves age related changes in 
function of somatic and reproductive cells and tissues, and subsequent changes in 
interactions among these systems. With the research detailed herein, I assess reproductive 
aspects of senescence; taking into consideration physiology, fecundity, and survival as a 
 2 
measure of individual fitness. Three measures must be assessed in considerations of 
reproductive senescence, each of which we already know, or can address to various 
degrees, for our model species: 1) reproductive life span; 2) reproductive output, 
including number and viability of eggs, as well as offspring survival and recruitment; and 
3) physiological parameters, such as endocrine function. This research considers 
reproductive endocrinology, stress physiology, immunology, egg hatchability, life history 
trade-offs, and parental behavior. By combining observational and manipulative 
experiments, I was able to gain valuable insight into the mechanisms that underlie (or are 
a result of) avian reproductive senescence.  
Given the invaluable set of historical data on reproductive life-span and reproductive 
output that is available for the Florida Scrub-Jay population at Archbold Biological 
Station, assessing physiological differences across jays of different ages has given me a 
unique opportunity to gain an understanding of the mechanisms that underlie 
reproductive decline. 
I tested the hypothesis that there are substantial differences in the hatchability of eggs 
among different aged birds (Chapter 2). Further, I hypothesized that circulating levels of 
reproductive hormones would differ among birds of different ages and the ability to 
activate the endocrine axis responsible for the production of these hormones would vary 
with age (Chapter 3). I also tested the hypothesis that baseline levels of stress hormones 
and the ability to respond physiologically to a stressful stimulus would vary significantly 
among different-aged birds (Chapter 4).  I hypothesized that birds in this population 
would demonstrate age-related trade-offs in self-investment versus investment in their 
offspring and these trade-offs would be evident in the amount of paternal care (Chapter 5) 
 3 
and maternal care (Chapter 6) provided and the physiological and immunological state of 
individual birds. Finally, a disease epidemic hit our population in 2008, and I was able to 
test whether or not specific physiological and immune qualities of individual different-
aged birds varied with survival, providing a rare opportunity to show natural selection in 
a population of free-living animals (Chapter 7). Combined, the results from the 
experiments, in relation to the hypotheses listed above, show a comprehensive picture of 

































Chapter 2  Parental, Social, and Environmental Factors Associated with Hatching   
                   Failure in the Florida Scrub-Jay  
 
 
Hatching failure within clutches of eggs occurs to varying degrees in many avian species. 
We investigated predictors of hatching failure in a population of Florida Scrub-Jays, for 
which hatching success has been monitored for 15 years.  We studied whether hatching 
failure was related to parental traits (e.g. age, experience as a pair, and body condition), 
lay date, social structure (e.g. number of helpers), environmental conditions, or some 
combination of the preceding variables. We used General Linear Mixed Models and 
Akaike’s Information Criterion to determine the models that best explain observed 
patterns of hatching failure. The best model revealed that increased hatching failure was 
associated with below-average rainfall during the breeding season, and was more 
common for newly established breeding pairs than for pairs that had previously produced 
a clutch of eggs. Additionally, other contributing models suggested that hatching failure 
was greatest for the youngest and oldest female breeders. Some aspects of our findings 
are consistent with conclusions drawn from other species. However, as a whole, our 
analyses suggest that hatching failure in the Florida Scrub-Jay is influenced by a complex 
set of environmental and parental factors.  
 
KEYWORDS:  Aphelocoma coerulescens, hatching success, reproductive senescence, 
climatic factors  
 
Hatching failure occurs to varying degrees in all avian species that have been studied and 
it can clearly have fitness costs for breeders. To date, research has addressed a number of 
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potential causes of hatching failure, including environmental and behavioural factors (e.g. 
latitude, diet, nest type, and sociality, Koenig 1982; egg size, clutch size, laying order, 
female condition, and breeder age, Potti & Merino 1996; clutch size, egg volume, mean 
daily maximum temperatures during incubation, and colony size, Serrano et al. 2005), 
and genetic relatedness of parents (see reviews by Morrow et al. 2002, Spottiswoode & 
Møller 2003). Ultimate causes of hatching failure include infertility and failure due to 
embryonic death, each of which has been correlated with many of the factors listed above 
(Birkhead et al. 2008). We examined hatching failure in the Florida Scrub-Jay 
Aphelocoma coerulescens, a long-lived, cooperatively breeding corvid for which we have 
compiled a large data set for the purpose of relating hatching failure to numerous biotic 
and abiotic factors, including breeder age, clutch size, weather, and timing of breeding. 
Hatching failure is age-dependent in the Eurasian Sparrowhawk, Accipiter nisus 
(Newton & Rothery 2002) and in the Common Goldeneye, Bucephala clangula 
(Milonoff et al. 2002) with older birds hatching proportionally fewer eggs than younger 
birds.  
Another factor that can affect hatching success is clutch size; however, studies 
across species have found conflicting results as to how hatching failure varies with clutch 
size. For example, larger clutches are characterized by increased rates of hatching failure 
in the European Pied Flycatcher (Potti & Merrino 1996), but the rate of hatching failure is 
greatest in intermediate sized clutches in the European Kestrel, F. tinnunculus (Serrano et 
al. 2005). In a study of the Florida Scrub-Jay, LeClair (2005) found that large clutches 
had an increased frequency of hatching failure, but she did not consider whether the ratio 
of failed to successful eggs differed with clutch size. Additionally, in the same species, 
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Aldredge et al. (2008) found that hatching failure occurred more often in first laid eggs 
than in subsequent eggs of a clutch. 
In addition to parental traits, incidences of hatching failure may vary with 
numerous environmental factors. Many species, including Florida Scrub-Jays, do not 
begin incubation until the ultimate or penultimate egg of a clutch has been laid (reviewed 
by Clark & Wilson 1981). There is considerable evidence that ambient temperatures prior 
to the onset of incubation can influence hatching success (see review by Webb 1987). 
Additionally, extremely high temperatures (exceeding physiological zero; Lundy 1969) 
during inter-incubation bouts may negatively affect egg development, a factor that could 
be especially important in female-only incubating species, such as the Florida Scrub-Jay 
(Hailman &Woolfenden 1985) that resides in a subtropical location in which 
temperatures during the breeding season can exceed 40°. LeClair (2005) found greater 
hatching failure in a suburban than in a wildland (i.e. a natural scrub habitat) population 
of Florida Scrub-Jays (also reported by Bowman & Woolfenden 2001).  However, 
LeClair (2005) found no specific effect of ambient temperature on incubation behaviour 
or hatching failure, despite the fact that mean ambient temperature in the suburban habitat 
was 5°C warmer than in the wildlands.  
In a study of three species of Procellariiformes (Blue Petrel, Halobaena caerulea, 
Thin-billed Prion, Pachyptila belcheri and Common Diving Petrel, Pelecanoides 
urinatrix), Chastel et al. (1995) found a negative relationship between nutritional 
condition and rates of hatching failure.  Similar findings in other species have been linked 
to low nest attendance by breeders in poor condition (e.g. Black-legged Kittiwake, Rissa 
tridactyla, Gill et al. 2002; Common Goldeneye, B. clangula Mallory & Weatherhead 
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1993). As an explanation for the association between low nest attendance and decreased 
hatching success, Walsberg and Schmidt (1992) reported that maintenance of nest 
humidity within an optimal range in Mourning Doves Zenaida macroura promotes 
hatching success by controlling rates of water loss from eggs. It follows that individuals 
in poorer condition might sacrifice incubation effort and increase effort toward self-
maintenance.  
Social dynamics may also affect hatching rates as Woolfenden and Fitzpatrick 
(1984) found a negative correlation between hatching failure and the number of non-
breeding helpers in a territory in the cooperatively breeding Florida Scrub-Jay. They 
speculated that breeding females in groups with a greater number of non-breeders exhibit 
decreased territory defence behaviour and, thereby, minimize interruptions of incubation 
bouts. However, territory-defense behaviour was not measured in that study, nor were 
several other potential contributing factors to hatching failure, such as breeder age, 
breeder condition, and climatic variables. 
Though abandonment of a clutch and damage to the egg from an external source 
typically result in eggs that fail to hatch, we considered only eggs that were not 
abandoned or damaged during incubation in our analysis. Our objectives are to determine 
the degree to which long-term patterns of hatching failure in the wildlands can be 
explained by climatic variables, timing of clutch initiation, clutch size, the number of 
nonbreeders present, and breeder age, condition, or experience as a pair, or some 
combination of these factors. We also address whether there is predisposition for 
hatching failure within individuals by examining whether specific individuals repeatedly 
produce clutches in which one or more eggs fail to hatch. 
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METHODS 
Study area and species 
The study was conducted during the breeding seasons of each year from 1992-1994 and 
1997-2008 in a wildland population of Florida Scrub-Jays in the southern ‘half’ of 
Archbold Biological Station in south-central Florida, USA (27°10´N, 81°21´W: see 
Schoech et al. 1996a for additional study site details). Jays in this population typically 
initiate clutches from early March through mid- to late-May (and rarely in June) with a 
mean first clutch initiation date of 28 March (Schoech 2009). The site is adjacent to the 
population studied by Woolfenden, Fitzpatrick and colleagues since 1969 (Woolfenden & 
Fitzpatrick 1984, 1996).  Florida Scrub-Jays breed cooperatively in groups consisting of a 
socially and genetically monogamous breeding pair (see Quinn et al. 1999) and from zero 
to six non-breeding helpers, most of which help in year-round territory defence and anti-
predator vigilance and defence, as well as seasonal offspring care (Woolfenden & 
Fitzpatrick 1984, Schoech et al. 1996b). Modal clutch size is 3 (range 1-5) and median 
incubation period is 18 days. 
Failed eggs were defined as those that remained in the nest three or more days 
after all other eggs in a clutch had hatched, beyond the two day maximum associated with 
hatching asynchrony (Rensel unpub. data). For nests that were incubated for a full 
incubation period in which none of the eggs hatched, we considered the eggs failed after 
24 days. We excluded clutches in cases in which eggs were depredated or damaged in the 
nest, or the clutch was abandoned during the incubation period. Furthermore, as Florida 
Scrub-Jays can lay more than one clutch of eggs in a season, we only included a breeding 
pair’s first clutch within each year that was successfully incubated to hatching.  
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Data collection and analysis 
We monitored 484 nests over 15 breeding seasons to determine clutch initiation date, 
clutch size, and hatching success.  From our long-term demographic data, we were also 
able to determine the number of non-breeders present in a territory, the ages of both 
breeders and whether or not the clutch was the result of the first breeding attempt by the 
pair or if they had produced eggs in a previous year.  All temperature and rainfall data 
were collected from the Archbold Biological Station weather station and acquired from 
the National Climatic Data Center (http://ncdc.noaa.gov/oa/ncdc.html).  Finally, we 
assembled morphometric data, such as body mass and wing-chord, head-plus-bill, and tail 
lengths, for 208 female breeders.  We chose to analyze body condition of females alone 
because they contribute substantially more to the production of eggs and only females 
incubate in this species, thus, incubation behaviour may be altered by her body condition. 
From these data we derived an index of body condition by relating mass to structural size 
(see below). 
We used Linear Mixed Models (LMM: SPSS 14.0), which allowed us to control 
for non-independence of the data, as hatching failure was often monitored in the same 
birds among years.  To determine the best model, we used an information-theoretical 
approach wherein we utilized a second-order Akaike’s Information Criterion to evaluate 
a set of candidate models (AICc; Burnham & Anderson 2002). Models were ranked and 
evaluated according to ΔAICc, which is the difference between the AICc values of a 
given model and that of the best model. Models with ΔAICc greater than 2.0 are 
considerably less informative than the best model (Burnham and Anderson 2002), and 
models with ΔAICc greater than 10.0 were not considered in further discussion. We 
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included linear and quadratic effects in the models, as well as all first-order interaction 
terms (Table 1).  Finally, we calculated Akaike’s Weights (wi), which convert the 
deviance of all possible models to a scale of 1.0; each weight then represents the 
likeliness that the model is the best model. Although the use of AIC-based inference from 
models with random effects is controversial for ecological studies (see Gurka 2006, 
Bolker et al. 2009), we have retained the random variables in all analyses, therefore it is 
effectively constant across models. Bolker et al. (2009) also warn against the selection of 
models by ‘data snooping’, which we have not done, for we have chosen the best models 
by analysing every possible model with the below-described variables and all two-way 
interactions.  
Independent variables used to construct models included experience (pairs that 
had never produced a clutch of eggs together vs. pairs that had previously produced a 
clutch of eggs), male and female breeder ages (including quadratic values to test for the 
possibility that there is an ‘optimal’ middle age for hatching success, with inexperienced, 
young birds and senescing, old birds having lower hatching success), number of non-
breeders present in the territory, clutch size, year, the sum of mean minimum and mean 
maximum temperatures during egg laying (‘warmsum’; Perrins & McCleery 1989), and 
rainfall during the breeding season (March, April, May).  The dependent variable, 
hatching failure, was calculated by subtracting the number of failed eggs divided by 
clutch size from one (1 - proportion of eggs that hatch).  Because we used proportion data 
as a dependent variable, the values for hatching failure were arcsine transformed prior to 
model construction and testing. This per-clutch success ratio was used to circumvent 
confounding effects of clutch size (see Serrano et al. 2005), which was necessary given 
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that clutch size was correlated with the occurrence of hatching failure in a nest in a 
previous study of Florida Scrub-Jays (LeClair 2005). Each model utilized normal error 
distributions.   
We began the analysis with a LMM with all the categorical independent variable, 
new or experienced pair, as a fixed factor, and the remaining, continuous, independent 
variables as covariates, and male and female identities (US Fish and Wildlife Service 
Number) as random terms. This was used as the global model (Table 1). Subsequent 
models were constructed using all possible combinations of variables for main effects and 
possible two-way interactions between factors and covariates, with the exception of age 
variables, for which the linear and quadratic values for age were not used simultaneously 
in any model (see Table 1 for list of variables).   
 
 
Table 1. List of the variables included in the General Linear Mixed Models in this study. 







Although we tracked population demographics over multiple years, we only 
captured a subset of individuals within the population in any given year. As a result, we 
have morphometric data for 30% (145) of females of the 484 nests for which we present 
hatching failure data. As per the methods of Green (2001), we derived a body condition 
index (BCI) using a principal components analysis of structural measures (head breadth 
and the lengths of the head-plus-bill, wing chord, tail, and tarsus). PC1 (variance 
explained = 0.569) was subsequently regressed upon body mass and the resultant 
residuals served as the BCI. Because we only have these measurements for eight of the 
fifteen years of the study, the relationship between female breeder condition and hatching 
failure was examined in separate, but otherwise similar LMMs and AICc analyses.  To 
complete these analyses, BCI was added to the top ten models (Table 2) derived from the 
larger data set: clearly, this was the case only for those years for which BCI data were 
available. 
 Infertility due to genetic causes or other aspects of an individual’s genetic quality, 
behavior, or nest-site selection that might cause hatching failure should result in a similar 
proportion of failed eggs between years for that individual. Additionally, if hatching 
failure is due to genetic similarity or gamete incompatibility between members of a 
breeding pair, then we would expect among-year repeatability in the proportion of failed 
eggs from that pair (Serrano et al. 2005). We calculated repeatability of the proportion of 
failed eggs using a one-way random intra-class correlation coefficient (Lessells & Boag 
1987, Serrano et al. 2005).  All tests were two-tailed and we calculated repeatability of 
hatching failure for: 1) males that bred with different females; 2) females that bred with 
different males; and 3) pairs that bred together in different years. 
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RESULTS 
A total of 484 clutches were incubated to hatching over 15 breeding seasons by known-
aged birds.  Of these clutches, 74 (15.29%) had one or more egg that failed to hatch, 
accounting for the fate of 91 (6.00%) of the total of 1,160 eggs.  Only one nest attempt 
(0.2%) resulted in whole clutch hatching failure compared to 0.7% reported in a previous 
study of an adjacent wildland population (Bowman and Woolfenden 2001).  Overall, the 
percentage of failed eggs varied annually between 2.91% and /9.55%, a difference which 
is likely caused by the variation in annual precipitation during the breeding season (see 
below). 
The top four models explaining hatching failure based on the 15-year data set had 
Akaike weights of 0.600, 0.205, 0.107, and 0.037 (Table 2). The only shared variables in 
the top four models were the quadratic term for female age, experience as a pair, and 
rainfall during the breeding season. All other variables were only present in models with 
a ∆AICc of at least 10.0 and, therefore, offer relatively little explanatory value. Following 
Burnham and Anderson (2002), we calculated the relative importance of female age 
(quadratic: 0.912), experience as a pair (0.744), and rainfall during the breeding season 
(0.349). Relative importance provides an estimate of the contribution of each variable to 
the best models, relative to other variables. Further examination of the distribution of 
each of these variables revealed that hatching failure was greater in: 1) inexperienced 
pairs than in experienced pairs (raw hatching failure rates of 7.3% and 5.2% 
respectively), 2) years with lower rainfall during the breeding season (Fig. 1); and 3) 
pairings with the youngest and oldest female breeders (Fig. 2).   
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Of the models generated using the subset of data for which female morphometrics 
were available, body condition index was not present in any of the best models (wi < 0.01 
in all cases). The best models in these analyses of the 8 years of data for which we have 
sufficient capture data to have extracted a BCI included the same variables as the 15-year 
data set; therefore, the AICc values are redundant and are not included here. 
 
Table 2. Model results from analysis investigating factors that explain hatching failure in 
the Florida Scrub-Jay in the south half of Archbold Biological Station (years of study: 
1992-1994, 1997-2008). Shown are Akaike’s Information Criterion Values for small 
sample sizes (AICc), the deviance, the number of parameters (K), the difference in 
deviance between each model and the best model (ΔAICc), and the Akaike’s weight, or 
the likelihood of that model being the best model (wi). The AICc values were generated 
from from a Linear Mixed Model with hatching failure as the dependent variable. The 10 
best models and the global model are displayed. 
 
 
 From the repeatability analysis, we found that individual males did not repeatedly 
contribute failed eggs among different breeding seasons, though there was a suggestive 
trend (r = 0.213, F59,180 = 1.28, P = 0.111). Individual females (r = 0.154, F42,170  = 1.109, 
P = 0.318), and pairs (r = 0.140, F64, 83 = 1.159, P = 0.262) did not repeatedly produce 




We found no effect of the number of helpers on hatching failure, which agrees 
with another study of this species (LeClair 2005).  Conversely, Woolfenden and 
Fitzpatrick (1984) found lower rates of hatching failure in territories with helpers and 
suggested that the presence of non-breeding helpers in Florida Scrub-Jay territories 
permits female breeders to spend more time incubating and less time defending their 
territories and foraging, thus facilitating incubation behaviour and reducing hatching 
failure.  
Breeder Age and Experience as a Pair 
Individuals that exhibit increased hatching failure with age likely do so because 
they have undergone some degree of physiological senescence (Keller et al. 2008). The 
value of experience as a breeder for life-history characteristics of Florida Scrub-Jays 
seems to be supported by our finding that hatching failure was greater in inexperienced 
pairs than in established pairs (relative variable importance of 0.744).  However, two of 
the top three models in our analysis included female breeder age (Fig. 2), with hatching 
failure highest in the youngest and oldest birds (relative variable strength 0.912). 
Combined with the influence of the pair experience data, these results are suggestive of 
both a benefit of experience in this species (higher hatching failure in young, 
inexperienced birds) and a cost of reproductive senescence in the population (higher 
hatching failure in old birds despite much experience).  Because male age contributed 
little to the model, we infer that sperm quality remains relatively constant with age; given 
that 1) a male’s contribution to the egg is almost exclusively genetic and miniscule 
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overall in comparison to that of the female, and 2) we found minimal suggestion of a 
genetic factor playing a significant role in hatching failure (i.e. only a slight trend toward 
repeated failed eggs in individual males, but no significant explanatory value from the 
repeatability analysis for individual females or pairs). As for the role of aging in 
increased hatching failure, there are a number of possible explanations to consider.  For 
example, the quality of the materials deposited during oogenesis may decline with age 
and this negatively affects egg viability (Bryce Jones et al. 2006), the cloaca may change 
in structure or function in older birds (Begin & MacLaury 1974), thus compromising 
sperm transfer during copulation, or the transfer of sperm in the oviduct may degrade 




Figure 1. The relationship between rainfall during the breeding season (March to May) 
and hatching failure in Florida Scrub-Jays in the south half of Archbold Biological 
Station (study years: 1992-1994, 1997-2008). Rates of hatching failure were higher in 






Rain during the breeding season influenced hatching success (relative variable 
importance 0.349). Hatching failure was highest in seasons where rainfall was the lowest 
(Fig. 1). Low rainfall likely affects multiple food-related facets of the local environment 
and subsequently influences jay behaviour. For example, low levels of precipitation result 
in reduced primary productivity, which, in turn, results in reductions of the animals that 
make up the food web, especially arthropods (e.g. Frampton et al. 2000, Buxton 2008) 
upon which jays feed (Woolfenden & Fitzpatrick 1984). When prey is less abundant, jays 
must allocate a greater proportion of their time foraging to meet their dietary demands 
(see Morgan et al. in press). Clearly, such conditions could result in decreased nest 
attendance and incubation behaviour. Decreased precipitation also reduces humidity, 
such that exposed eggs would lose water more rapidly to the environment when not 
incubated.  It is well established that maintenance of ambient humidity within an optimal 
range is important to hatching success by controlling rates of water loss from eggs during 
incubation (e.g. Lundy 1969, Bruzual et al. 2000).  Considering the effects of reduced 
food and humidity together, we can postulate a reasonable explanation for reduced 
hatching success in dry years wherein decreases in durations of incubation bouts that 
result from increased foraging requirements increase egg exposure, and a greater water 
vapor gradient between egg and the atmosphere causes rapid water loss and an increased 
chance of hatching failure.  
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Figure 2. The relationship between hatching failure and female breeder age in Florida 
Scrub-Jays in the south half of Archbold Biological station (study years: 1992-1994, 
1997-2008).  The data are best explained by a quadratic curve with the highest rates of 
hatching failure occurring in the youngest and oldest female breeders. 
 
 
Clutch Size and Body Condition 
Our analysis suggests that the proportion of failed eggs in a nest is not correlated 
with clutch size. LeClair’s (2005) study of Florida Scrub-Jays found that hatching failure 
occurs more frequently in larger clutches, but that finding does not rule out the possibility 
that larger clutch sizes simply have an increased probability of containing a failed egg 
entirely by chance. Additionally, while there has been considerable examination of the 
nutritional status of the breeders in our study population and how this relates to timing of 
clutch initiation (Schoech 1996, Reynolds et al. 2003), we found no relationship between 
female breeder condition and hatching failure.  
Caveats 
While all of the variables considered in our study have been correlated with 
hatching failure in other species, the limits of our data prevent us from addressing all of 
the factors postulated to explain hatching failure. For example, we did not analyse genetic 
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relatedness between breeding pairs.  Bensch et al. (1994) and Kempenaers et al. (1996) 
demonstrated that genetic similarity between the parents can lead to decreased hatching 
success. Further, it has been demonstrated that other genetic factors may result in 
hatching failure, such as homozygous expression of recessive lethal alleles (Charlesworth 
& Charlesworth 1987), and inviable sperm (Gemmell & Allendorf 2001). We also did not 
observe incubation behaviour among breeding females (see LeClair 2005) or record nest 
or egg temperatures during incubation (see Aldredge et al. 2008). Finally, we do not have 
evidence of causes of failure ‘within’ the eggs, and did not distinguish between failure 
due to infertility and failure due to embryonic death (Birkhead et al. 2008).  
Conclusion 
In this population of Florida Scrub-Jays, the best model predicting hatching failure 
includes breeder experience, rainfall during the breeding season, and a quadratic 
relationship for the age of female breeders.  Other factors including clutch size, laying 
date, and temperature were not predictive of hatching failure in our study species. Our 
results offer further testament that substantial reproductive, life history, and ecological 
differences among avian species can result in very different hatching failure correlates. 
Ultimately, additional long-term studies for which demographic and nesting phenology 
data are well documented, combined with assessment of nutritional and environmental 
parameters, are necessary to further understand patterns of hatching failure in this and 
other avian species. 
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Chapter 3 Reproductive Hormones and Age: Results from a longitudinal study and  




In most vertebrates, production of reproductive hormones wanes with age, co-occurring 
with a decline in reproductive output. Measurement of these hormones can serve as a key 
marker of the onset of reproductive senescence. Longitudinal studies of physiological 
parameters in populations of free-living animals are relatively uncommon; however, we 
have monitored baseline concentrations of hormones for ten years in a population of 
Florida scrub-jays (Aphelocoma coerulescens). We hypothesized that concentrations of 
circulating reproductive hormones will change with age, and predicted declines in 
reproductive hormones in the oldest jays. We found that baseline levels of luteinizing 
hormone (LH) and testosterone (T) vary with age in male Florida scrub-jays. Levels are 
relatively low in young and old male breeders and reach their highest levels in birds aged 
5 to 8 years.  Conversely, we found no age-related patterns in baseline levels of LH or 
estradiol in female jays.  To determine which component of the hypothalamo-pituitary-
gonadal (HPG) axis is responsible for these age-based differences, we delivered 
gonadotropin-releasing hormone (GnRH) challenges to different aged males, collecting 
an initial blood sample prior to injection, and subsequent samples at 15 and 30 minutes 
post-injection; thereby allowing assessment of pituitary and gonadal responsiveness by 
measuring plasma concentrations of luteinizing hormone (LH) and testosterone, 
respectively. Young birds had the greatest testosterone response to GnRH challenge and 
the middle-aged birds responded with a significant, albeit lesser increase in T relative to 
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the young birds.  GnRH challenge did not significantly elevate testosterone in the oldest 
males. There were no significant differences in the LH response to GnRH challenge in 




Senescence is a decline in physiological function with age that can affect survival, 
reproductive performance, or both (Hughes et al., 2002). In most vertebrates, production 
of reproductive hormones wanes with age, a change that typically co-occurs with a 
decline in reproductive output (Hughes et al., 2002). Accordingly, measurement of these 
hormones can serve as a key marker of the onset of reproductive senescence. Birds are 
relatively long-lived, when compared to mammals (Holmes and Austad, 1995) and, 
therefore, are good models for studying mechanisms that underlie or co-occur with 
reproductive aging (Holmes and Ottinger, 2004).  Although reproductive senescence has 
been considered extensively in a theoretical framework, it has proven difficult to study in 
practical application, particularly in populations of free-living animals (reviewed by 
Nisbet, 2001). A number of studies of birds have documented an increase in mortality 
rate in older members in both short- and long-lived species (Holmes et al., 2001; Newton 
and Rothery, 1997).  This type of senescence, termed actuarial senescence, needs to be 
distinguished from reproductive senescence which is characterized by reductions in 
reproductive success or the function of physiological systems with age. Actuarial 
senescence does occur in the relatively long-lived Florida scrub-jay (Aphelocoma 
coerulescens; McDonald et al., 1996) and, in the current and related studies, we have 
investigated senescence in measures of reproductive physiology in this species.  
 28 
 There are a number of physiological factors that are known to change, sometimes 
dramatically, with age in birds. These include telomerase activity, thyroid hormone 
production, stress and immune responses, antioxidant activity, and changes in endocrine 
signaling (reviewed in Vleck et al., 2007), but few studies have examined these 
phenomena in free-living species in which the age and complete reproductive history of 
each individual is known. Additionally, these few studies have provided mixed findings 
that have largely been determined by the life span of the species. For example, Nesbit et 
al. (1999) found only slight changes in plasma levels of reproductive hormones with age 
in long-lived (max longevity 21 years) common terns (Sterna hirundo) and concluded 
that this occurred in such a small percentage of the population that it could not have much 
of an impact on reproductive success. This study was a snapshot of different aged birds 
from two years and the authors suggested that a longitudinal study that included samples 
from more breeding seasons would be more informative.  On the opposite end of the 
pace-of-life spectrum, Ottinger (1992; 2007) studied neuroendocrine changes with age in 
short-lived (max longevity 5 years) Japanese quail (Coturnix japonica) in a laboratory 
setting and found dramatic decreases in circulating levels of reproductive hormones in the 
oldest birds. Although reproductive output and success among different aged birds have 
been studied for many moderately long-lived birds (e.g., Møller et al., 2006; Newton and 
Rothery, 1997; Saino et al., 2002), no research that we are aware of has taken a multi-
year longitudinal approach to investigate changes in endocrine physiology among 
different aged birds.  
 Physiological processes and behaviors associated with reproduction are largely 
regulated by the hypothalamo-pituitary-gonadal (HPG) axis.  In a seasonal breeder, the 
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hypothalamus integrates information from the exogenous and endogenous environment to 
assure the appropriate timing of up-regulation of hormone production and initiation of 
reproductive preparedness. At a basic level (see Besser and Mortimer, 1974; Greives et 
al. 2008, for reviews of the multiple neuroendocrine functions of the hypothalamus) the 
hypothalamus releases gonadotropin-releasing hormone (GnRH, also called luteinizing 
hormone releasing hormone, or LHRH), which stimulates the release of gonadotropins, 
luteinizing hormone (LH) and follicle stimulating hormone (FSH) from the anterior 
pituitary. True to their names, LH acts to maintain the corpus luteum and FSH facilitates 
development of the ovarian follicles in females. Additionally, LH stimulates Leydig cell 
function and FSH is critical for the initiation and maintenance of spermatogenesis in 
males. These gonadotropins also stimulate the production of gonadal steroid hormones 
(such as estradiol and testosterone), which are essential locally for gamete maturation and 
development and maintenance of reproductive tissues, as well as acting centrally to 
promote reproductive behavior.  
 We investigated age-related fledging success for male and female breeders from 
20 years of nest monitoring in a population of Florida scrub-jays. We know that hatching 
failure occurs more commonly in older female Florida scrub-jays than middle-aged 
females (Wilcoxen et al., in review), suggesting that Florida scrub-jays undergo some 
level of reproductive senescence; however, to what extent this influences the number of 
young that are successfully fledged is unknown. Consequently, we hypothesized that the 
oldest Florida scrub-jays will fledge fewer young than middle-aged and young jays. 
 With regards to the physiological aspects of reproductive senescence, we 
hypothesized that circulating concentrations of reproductive hormones will change with 
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age, and specifically predicted their decline in the oldest breeding jays. To test this 
hypothesis, we collected blood samples from male and female Florida scrub-jays of all 
ages over a nine year period. Although natural variation in circulating levels of hormones 
is informative, challenges of physiological systems can provide additional information 
about the role of specific locations within an endocrine axis in the observed variation. We 
used gonadotropin-releasing hormone (GnRH) challenges of different aged male breeders 
to determine to what degree the hypothalamus, pituitary, or gonads contribute to the 
observed patterns in baseline levels of hormones among different aged birds.  Different 
outcomes from the GnRH challenge could represent senescence of specific components 
of the HPG axis. For example, if an old bird has low baseline levels of LH or T prior to 
reproduction, and when given a GnRH challenge, they respond with a robust increase in 
LH and T levels, it is likely that senescence has occurred at the level of the 
hypothalamus, perhaps in GnRH neuronal function, or possibly further upstream (i. e., 
some ‘flaw’ in the integration of environmental information typically responsible for the 
stimulation of the hypothalamic release of GnRH; Greives et al. 2008). Should an 
individual with low baseline levels of LH and T show little or no increase in LH levels 
following GnRH injection, senescence has likely occurred at the level of the pituitary, 
and the low levels of testosterone may be a by-product of insufficient signaling from the 
pituitary to the gonads. Alternatively, a small response at any level could also represent 
senescence at all sites along the HPG axis, including the hypothalamus.  Finally, should 
an individual with low baseline levels of LH and T show a robust LH response to GnRH 
injection, but an insignificant increase in testosterone levels, senescence has likely 
occurred at the level of the gonads.  These scenarios are slightly oversimplified; however, 
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this technique should provide valuable resolution in the underlying causes of low levels 




Study species and location 
 
The Florida scrub-jay is a federally threatened, cooperative breeding passerine 
with a range that is restricted to xeric oak scrub habitats of peninsular Florida.  We 
monitored reproductive success and physiological parameters in a population of Florida 
scrub-jays at Archbold Biological Station in south central Florida (27° 10’ N, 81° 2l’ W, 
elevation 38–68 m). This population has been described in previous studies (Schoech et 
al., 1996; 2007) and is adjacent to a population that has been monitored  since 1969 
(Woolfenden and Fitzpatrick, 1984). The sex and social status of each bird in this 
population are known and historical data, including social status, family group affiliation, 
nest history, and reproductive outputs are known from 1989 to present. For all jays in our 
population, we locate all nests and determine laying, hatching, and fledging dates and 




Egg laying can begin in early March; however, mean first clutch initiation dates 
display considerable inter-year variance, ranging from mid-March to mid-April (long-
term mean of 29 Mar; Schoech, 2009). We regard the weeks between mid-January and 
clutch initiation as the prebreeding period, during which there are gradual increases in the 
behaviors and physiology associated with breeding (e.g., territorial defense, courtship 
feeding, nest building, and gonadal recrudescence with accompanying increases in levels 
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of sex steroid hormones). We collected small blood samples from breeders each year 
from 2000 to 2008 during the pre-breeding period. Birds were captured in continuously 
monitored Potter traps that were baited with peanuts and blood was collected in 
microhematocrit capillary tubes following venipuncture of the brachial vein. The blood 
samples were stored on ice in coolers in the field until return to the lab, where the tubes 
were spun in a microhematocrit centrifuge to separate whole blood from plasma.  The 
plasma was then drawn off with a 100µL Hamilton syringe, and stored frozen in plastic 
vials at -20ºC until radioimmunoassay at the University of Memphis.  
 
GnRH challenge 
During the 2009 and 2010 field seasons, we delivered a GnRH challenge to 37 
known aged male breeders and we also gave saline control injections to 15 known aged 
male breeders to ensure that any responses to the challenge were induced by the hormone 
and not simply by the act of handling and injection of vehicle. Upon capture, before 
administration of the GnRH injection, we collected an initial blood sample of 
approximately 200µL to assess basal levels of corticosterone, luteinizing hormone, and 
testosterone. Prior to capture, within age classes birds were randomly assigned to receive 
either a control or GnRH injection. The latter was an injection of 1.25µg of chicken LH-
RH [GnRH] (American Peptide Company, Inc., Sunnyvale, CA) dissolved in 50µL of 0.1 
M phosphate-buffered saline solution (PBS) in each pectoralis major, for a total dose of 
2.5µg in 100µL using a Hamilton syringe and a 25 gauge needle. Controls were injected 
with the same volume of PBS. Following injection, a small blood sample (approximately 
70µL) was collected at 15 minutes for measurement of LH and another 200µL was 
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collected at 30 minutes post-injection for measurement of T. The total volume of blood 
collected is below the recommended limits of < 1% of total blood volume (McGuill and 
Rowan, 1989). Between blood samples, birds were held in loosely woven opaque cotton 
bags that were held in the shade.  Blood samples were stored on ice in the field until 
return to the laboratory, where the cellular and plasma fractions were separated by 
centrifugation. Plasma was stored frozen at -20° C until thawed for assay. Testosterone 
assays were performed using the enzyme immunoassay (EIA) protocol described below. 
Luteinizing hormone assays were performed in the Wingfield Laboratory at the 




We determined testosterone levels using an EIA kit from Assay Designs, Inc. 
(#901-065; Jawor et al., 2007). For each individual, 50µL plasma samples were analyzed 
in the same assay and were randomly assigned to wells on the plate. Approximately 2000 
cpm of tritiated testosterone was added to allow for the calculation of recoveries after 3 
extractions with diethyl ether. The ether was evaporated under a stream of nitrogen gas, 
extracts were re-suspended in 50µL of ethanol, and 300 µL of assay buffer was added for 
a final volume of 350µL.  From this, 100µL was used to determine recoveries and 
duplicate 100µL aliquots were used in the EIA. Final values were obtained after 
adjustments for incomplete recoveries (average recovery = 76%). Intra-assay variation 
was calculated from 6 standard samples included in each plate yielding CVs of 14.2% 
11.1%, 6.4%, and 6.9%. The inter-assay CV was 13.3%.  
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Luteinizing hormone RIA 
 
Radioimmunoassays were run in duplicate on samples from prebreeding 
captures in 2000, 2001, and 2002. The LH RIA used was a post-precipitation double 
antibody RIA that uses purified chicken LH as a standard and rabbit antisera against LH 
(Follett et al., 1975; Sharp et al., 1987). The samples from these three years were run in a 
single RIA in duplicate with volumes ranging from 10 to 20µL. Intra-assay coefficient of 
variation was 5.5%. All baseline and induced (15 minutes) samples from the 2009 
challenge were run in a single RIA in duplicate with volumes ranging from 10 to 30µL 
Intra-assay CV was 7.2%.  
 
Testosterone and estradiol RIA 
  
Plasma samples from 2000 to 2008 were assayed for levels of testosterone and 
estradiol following chromatographic separation on micro-columns filled with celite 
(Wingfield and Farner, 1975). For more details on column separation, calculation of 
recoveries, extraction with diethyl ether, and RIA for each of these hormones see 
Schoech et al. (1991; 2004).  Routine testosterone RIA in the Schoech lab yields intra-
assay CVs that range from 4.5 – 10.4% with an inter-assay CV of 14.3%. For E2, intra-






Because of unequal sample sizes for each age, we categorized samples into three 
age classes: young (1-4 years), middle-aged (5-8 years), and old (9+ years) prior to 
 35 
analysis.  Only breeders were considered: nonbreeders were excluded from all analyses. 
All statistical analyses were completed with PASW 17.0, unless otherwise noted. All 
hormone values below are expressed as means ± standard error of the mean. 
 
Fledging Success - The nests we monitored over the past 20 years included many nests 
produced by the same birds in multiple years, therefore, to control for non-independence 
of data, we used linear mixed models (LMM) with bird identity as a random factor and 
year as a repeated factor. The number of young fledged from the nest was the dependent 
variable and age class was included as a fixed factor.  Separate LMM’s were used for 
males and females. 
Baseline Testosterone and Estradiol (2000-2008) - Many individuals were captured in 
multiple years, therefore, to control for non-independence of data we used LMM’s with 
bird identity as a random factor and year as a repeated factor. The steroid hormone of 
interest (E2 for females and T for males) was the dependent variable in each LMM, and 
age class was included as a fixed factor with days before clutch initiation as a covariate. 
We also included all two-way interactions, and non-significant interactions (P > 0.05) 
were iteratively removed from the models, however, all main effects were retained in the 
final models.  
Baseline LH (2000-2002) - As with the T and E2 analyses, some of the same birds were 
captured for LH assay in multiple years, therefore, we used LMM’s with bird identity as 
a random factor and year as a repeated factor. Baseline LH was the dependent variable in 
each LMM, and age class was included as a fixed factor with days before clutch initiation 
as a covariate. We also included all two-way interactions, and non-significant interactions 
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(P > 0.05) were iteratively removed from the models, however, all main effects were 
retained in the final models.  
GnRH Challenge – To determine if the GnRH challenge elicited a response independent 
of the handling and injection, we used two-way repeated measures ANOVA with 
hormone levels at each of the two time points (0 and 15 minutes for LH, 0 and 30 
minutes for T) as the repeated measure and dependent variable. Treatment (GnRH 
challenge or PBS only) was included as the fixed factor.  
To test for differences among age classes, we used an LMM with bird identity as a 
random factor, the magnitude of the response (LHmax – LHbaseline or Tmax – Tbaseline) as the 
dependent variable, age class as a fixed factor, and capture date relative to clutch 
initiation in their respective territories (days before clutch initiation) as a covariate to 
control for potential differences in HPG axis activity associated with proximity to 
reproduction. We also included all two-way interactions, and non-significant  
interactions (P > 0.05) were iteratively removed from the models, however, all main  







In both LMM’s, bird identity (random factor) explained a significant amount of 
variance in fledglings produced (Wald Z = 18.597, P < 0.0001 for females; Wald Z = 
18.762, P < 0.0001 for males).  There were significant differences in the number of 
fledglings produced among female age classes (F2, 702.94 = 4.609, P = 0.010).  Fisher’s 
LSD post hoc pairwise comparisons of estimated marginal means (EMM) derived from 
the LMM revealed that middle-aged females (1.973 ± 0.102 fledglings/year) produced 
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significantly more fledglings than both young females (1.669 ± 0.093 fledglings/year; P 
=0.006) and old females (1.534 ± 0.200 fledglings/year; P = 0.036). There was no 
significant difference in the number of fledglings produced between young and old 
females (P = 0.513) 
For males, there were also significant differences in the number of fledglings 
produced among age classes (F2, 704.00 = 3.282, P = 0.038).  Fisher’s LSD post hoc 
pairwise comparisons revealed that middle-aged males (1.962 ± 0.086 fledglings/year) 
produced significantly more fledglings than both young males (1.704 ± 0.074 
fledglings/year; P = 023) and old males (1.624 ± 0.152 fledglings/year; P = 0.050). There 
was no significant difference in the number of fledglings produced between young and 
old males (P = 0.634) 
 
 
Baseline LH – females 
 
Bird identity explained a significant amount of variance in baseline LH levels 
(Wald Z = 2.439, P = 0.015), therefore it was retained in all models.  There were no 
significant differences in baseline LH levels among the three age classes (F3, 185.4 = 0.647, 
P = 0.586). Days before clutch initiation was inversely related to baseline LH levels (F1, 
125.1 = 15.790, P = 0.0001).  
 
 
Baseline E2 – females 
 
Bird identity explained a significant amount of variance in baseline E2 levels 
(Wald Z = 15.149, P < 0.0001), therefore it was retained in all models. There were no 
significant differences in baseline E2 levels among the three age classes (F3, 459.0 = 0.677, 
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P = 0.567).  Baseline E2 levels did not vary with days before clutch initiation (F1, 459.0 = 
2.050, P = 0.153).  
 
 
Baseline LH – males 
 
Bird identity explained a significant amount of variance in baseline LH levels 
(Wald Z = 2.572, P = 0.010), therefore it was retained in all models. There was a 
significant main effect of age class on baseline LH levels (F2, 137.6 = 5.151, P = 0.007; Fig. 
1). Fisher’s LSD post hoc pairwise comparisons revealed that baseline LH levels were 
significantly greater in young birds than in both middle-aged birds (P = 0.004) and old 
birds (P < 0.001; Fig. 1).  The differences in baseline LH levels between middle-aged and 
old birds approached statistical significance (P = 0.063). Baseline LH levels did not vary 
with days before clutch initiation (F1, 166.3 = 1.374, P = 0.243).   
 
Fig. 1. Relationship between age and baseline luteinizing hormone levels in  
male Florida scrub-jays of the following age classes: young (1-4 year olds), 
middle-age (5-8 year olds), and old (9-14 year olds). Means are shown with error 







Baseline T – males 
 
Bird identity explained a significant amount of variance in baseline T levels 
(Wald Z = 2.417, P = 0.016), therefore it was retained in all models.  Baseline T levels 
differed significantly among age classes (F2, 215.9 = 8.962, P = 0.0002; Fig. 2).  Fisher’s 
LSD post hoc pairwise comparisons revealed that baseline T levels were significantly 
greater in middle-aged birds than in young birds (P = 0.007) and old birds (P = 0.046; 
Fig. 2).  There was no difference between young birds and old birds (P = 0.864). Baseline 
T levels varied significantly with days before clutch initiation (F1, 316.4 = 41.704, P < 
0.0001), with birds tested closer to clutch initiation having higher levels of baseline T. 
 
 
Fig. 2.  Relationship between age and baseline testosterone levels in male  
Florida scrub-jays for the following age classes: young (1-4 year olds), middle-
age (5-8 year olds), and old (9-14 year olds). Means are shown with error bars 








GnRH challenge – LH 
 
The repeated measures ANOVA found significant within subjects main effects of 
time (F1,25 = 13.596, P = 0.001) and between subjects main effect of treatment (F1,25 = 
10.511, P = 0.003), however there was a significant interaction between time and 
treatment relative to LH levels (F1,25 = 13.341, P = 0.001).  Birds challenged with GnRH 
had LH levels that increased significantly from time 0 to 15 min post-injection (P = 
0.0002), whereas controls exhibited no change in LH levels (P = 0.491; Fig. 3a).  
 
 
Fig. 3.  Response to GnRH injection (filled circles) and control injection (open circles)  
for LH (a) and T (b). Means are shown with bars representing ± one standard 
error of the mean. 
 
 
We found no significant differences among age classes in the magnitude of LH 
response to GnRH challenge (F2, 57.0 = 2.076, P = 0.165), however we did find that the 
LH response varied significantly with days before clutch initiation (F1, 129.7 = 4.723, P = 
0.049). A scatter plot showed an increased magnitude of LH response in individuals 
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tested closer to clutch initiation. The interaction terms were not statistically significant (P 
≥ 0.237 in all cases).   
 
GnRH challenge – T 
 
The repeated measures ANOVA revealed significant within subjects main effects 
of time (F1,50 = 15.099, P = 0.0003) and between subjects main effect of treatment (F1,50 
= 6.651, P = 0.013), however there was a significant interaction between time and 
treatment relative to T levels (F1,50 = 13.748, P = 0.001).  Birds challenged with GnRH 
had T levels that increased significantly from time 0 to 30 min post-injection (P < 
0.0001), whereas controls exhibited no change in T levels (P = 0.867; Fig. 3b)  
Bird identity explained a significant amount of variance in the T response (Wald Z = 
4.000, P < 0.0001), therefore it was retained in all models. We found significant 
differences among age classes in the magnitude of the T response (F2, 32 = 13.553, P < 
0.0001; Fig. 4).  Fisher’s LSD post hoc pairwise comparisons revealed that the magnitude 
of the T response to GnRH challenge was significantly greater in young birds than in old 
birds (P < 0.001; Fig. 4), and that the magnitude of testosterone response was greater in 
middle-aged birds than in old birds (P < 0.001; Fig. 4). There was no significant 
difference in the magnitude of response between young and middle-aged birds (P = 
0.139).  None of the interaction terms were significant (P > 0.05 in all cases).  There were 
no significant differences between years (F1, 32 = 0.745, P = 0.395), and the magnitude of 











The number of fledglings produced per year was lowest in the youngest and 
oldest age classes, providing some support for our prediction that older birds exhibit 
reproductive senescence.  Lower fledgling production in the young age class is almost 
certainly attributable to inexperience, as has been shown in many other avian species 
(e.g., Angelier et al., 2007; Forslund and Part, 1995; Komdeur, 1996; Mauck et al., 2004).  
 
Baseline T and LH - males 
 Our predictions of declines in levels of reproductive hormones in the oldest males 
were also met.  From our analysis of nine years of baseline levels of T and LH, males in 
the oldest age class had the lowest levels of both hormones.  In the absence of an 
experiment that manipulates and tests specific endocrine products of the HPG axis, we 
would not have any idea whether senescence was occurring at the level of the 
hypothalamus (i.e., decreased production of GnRH), pituitary (i. e., decreased 
responsiveness to GnRH or decreased production of LH), or gonads (i. e., decreased 
responsiveness to LH or decreased production of testosterone). However, the GnRH 
challenge provides information as to which component of the HPG axis is responsible for 




Fig. 4.  Relationship between age and magnitude of testosterone response to  
gonadotropin releasing hormone challenge in male Florida scrub-jays of the 
following age classes: young (1-4 year olds), middle-aged (5-8 year olds), old (9-
14 year olds). Means are shown with error bars representing ± one standard error 




Although all age classes exhibited a significant increase in LH levels following 
GnRH challenge, only the youngest and the middle-age class showed a significant T 
response to GnRH challenge. In combination, the LH and T response data suggest that 
low baseline levels of T in the oldest age class of male breeders are likely a product of 
senescence at the level of the testes.  That the oldest birds were capable of mounting a 
significant LH response to GnRH challenge demonstrates the capability of the anterior 
pituitary to both respond to the GnRH signal and produce and secrete LH. Therefore, the 
low baseline LH levels in the oldest birds likely reflect senescence at the level of the 
hypothalamus or above.  Another particularly interesting observation was that although 
birds in the youngest age class had significantly lower levels of baseline T than the 
middle-aged birds (see Fig. 2), they had the greatest magnitude of T response to GnRH 
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challenge (Fig. 4).  The oldest birds, however, showed low baseline T levels and no 
significant testosterone response to GnRH challenge.  It appears that low baseline levels 
of testosterone in the young breeders may be a product of restraint (Desrochers, 1992) – 
for although they can produce more testosterone, they simply do not. When Florida 
scrub-jay males first become breeders, they commonly ‘bud’ a territory from their natal 
territory, although some disperse to pair in unoccupied habitat elsewhere (Woolfenden 
and Fitzpatrick, 1984). Because the majority of young males form a territory adjacent to 
their father’s territory, they are unlikely to face the stimulation of regular territory 
intrusion and challenges by nearby male breeders that may be common in species that do 
not form territories in close proximity to family. It would also seem beneficial to avoid 
challenging one’s father as well, and producing enough T to successfully mate while not 
producing so much that aggressive behaviors are initiated may also prevent conflict 
between family members who pose no threat to the other from a reproductive standpoint. 
Low baseline levels of T in the oldest birds may be a product of constraint (Desrochers, 
1992) – for they cannot produce increased T levels, even with a GnRH-induced increase 
in levels of trophic hormones.  Selection may favor restraint on a purely physiological 
basis in the young male breeders (McGlothlin et al., 2010) because production of large 
amounts of steroid hormones can be energetically costly (Ketterson et al., 1991), and 
production and clearance of these hormones can also increase the abundance of damaging 
free radicals (Barja, 1998).  Producing low levels of T early in life may increase 
longevity, and thus, increase lifetime reproductive success.  
An alternative possibility for the lack of response to a single GnRH challenge in 
the old birds could also be a product of a lack of prior stimulation.  In a study involving 
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GnRH challenge of giant mole-rates, Bennett et al. (2000) found that individuals that had 
yet to breed for the first time did not respond to a single GnRH injection, but they did 
respond to subsequent injections.  Though this is unlikely to be the case in our study, as 
all individuals that were challenged were either breeding for the first time in the season 
they were captured, or they had bred at least one time before (and in the case of the old 
birds, many times), Florida scrub-jays are seasonal breeders, and old breeders may not 
have ‘turned on’ the HPG axis for the breeding season at the point at which they were 
challenged, whereas members of the other age classes may have done so. 
Nisbet et al. (1999) concluded that the decline in levels of reproductive hormones 
in only the very old birds in a population of common terns likely had a negligible effect 
on the population as a whole because old birds are rare in the population.  In any given 
year, 10-15% of male breeders in our study population of Florida scrub-jays are 10 years 
of age or greater. This represents a substantial proportion of our breeding population and 
such variation in reproductive success in the old birds may play a significant role in the 
overall reproductive output of this population.  
 
Females 
Because of the observed patterns of increased hatching failure in older female jays 
(Wilcoxen et al., in review) and the decline in fledgling production presented herein, we 
predicted declines in levels of LH or E2 with age.  However, we found no evidence of 
declines in circulating levels of LH or E2 in female Florida scrub-jays. There are certainly 
many other physiological processes that may undergo significant changes as individual 
females age that could serve as the underlying mechanism of reduced reproductive 
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success in the oldest females, we simply have no data that address what those processes 
might be.  
 
Caveats 
Overall, the data from this study suggest some apparent dissociation between 
gonadotropins and gonadal steroids.  For example, in females, LH varied weakly as a 
function of days before clutch initiation, but E2 did not.  In males, LH did not vary as a 
function of days before clutch initiation, but T did. The importance of these observations 
is that circulating hormones are only half of the story with regards to endocrine signaling. 
Receptor numbers and patterns may vary on a temporal and spatial scale, which can 
result in such mismatched patterns (Canoine et al. 2007).  The data from the GnRH 
challenge also lend some support to this: the LH response to GnRH challenge was 
significantly greater in birds challenged closer to their mate’s clutch initiation, which 
may suggest that GnRH receptors in the pituitary, too are increased in number as breeders 
approach clutch initiation.  This relationship was very weak for such a small sample size, 
but together they reinforce the importance of both the hormones and the receptors in the 
function of the endocrine system in reproductive physiology. 
 
Implications and Social Context 
In a related study, as they aged, male breeders were found to deliver more food to 
their nests to provision both nestlings and their mate while she broods the young during 
the earliest part of the nestling period (i.e., days 3-5 post hatch, Wilcoxen et al., 2010).  
Although this could be a byproduct of increased experience as a parent, lower T levels in 
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the older jays may minimize the expression of T-mediated behaviors that can interfere or 
compete with parental behaviors (e.g., Ketterson and Nolan Jr, 1994; O’Neal et al., 2008; 
Schoech et al., 1999).  
One of the most intriguing observations from this species is that although older 
males on average exhibit reduced reproductive success (i.e., produce fewer fledglings), 
they still reproduce and are almost never ‘usurped’ from their breeding territory 
(Woolfenden and Fitzpatrick, 1984). This suggests that the ability to hold a territory is to 
a degree independent of T levels. Higher T levels may occur in the younger birds as they 
establish their territories and fight to hold their boundaries against encroachment from 
neighbors: elevated T levels may either facilitate or result from agonistic interactions 
(Jawor, 2007; Soma, 2006; Wingfield et al., 1990). In contrast, the oldest birds may have 
already established their status and rely less on physiological contributions of T to 
territorial behavior and more on ‘rules’ established during interactions with neighbors, 
leaving the older, more experienced males largely unchallenged (Wingfield et al., 1990). 
Indeed,  related research that has addressed several physiological and behavioral 
measures suggest that males that survive to old age are high quality individuals. For 
example, when compared to younger male breeders, older breeders contribute more food 
to nestlings (Wilcoxen et al., 2010), have strong immune systems (Wilcoxen et al., 2010), 
robust stress responses (Wilcoxen et al., unpubl. data), and are generally in above-
average body condition (Wilcoxen et al., 2010). It would seem that if these individuals 
were regularly challenged and fighting to hold a territory while also caring for young, 
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Chapter 4  Baseline and stress-induced corticosterone in different-aged Florida  






In species that undergo actuarial senescence, the value of current reproduction is 
predicted to increase relative to the value of future reproduction with age, as the 
probability of survival to another reproductive event is reduced. Therefore, older animals 
should increase their investment in reproduction, and ‘ignore’ certain stimuli that may 
elicit a stress response, thus ensuring that reproduction is attempted or uninterrupted by 
the pursuit of behaviors that promote long-term survival. Corticosterone (CORT), the 
primary avian stress hormone, functions primarily to induce gluconeogenesis in response 
to stressful stimuli; however, it also serves as a chemical messenger that can influence 
physiological processes, reproduction, and behavior. We monitored CORT levels 
longitudinally; with baseline CORT samples spanning a five-year period and stress-
induced CORT data from a two-year period, in the Florida Scrub-Jay (Aphelocoma 
coerulescens). We predicted that older jays would show a lower stress response than 
birds in younger age groups. We found no significant differences in baseline CORT 
levels among age groups, nor did we find significant differences in the time course and 
shape of their stress responses.  Contrary to our predictions, we found that older birds 
showed significantly greater total corticosterone responses to a stressor, even when 
controlling for variation in baseline levels. These results may be a product of age-related 
changes in physiological processes related to the stress response or may be a product of 
selection acting on the population, resulting in only the most responsive individuals 




Glucocorticoids, produced by the adrenal glands, function primarily to induce 
gluconeogenesis in response to stressful stimuli; however, they also serve as chemical 
messengers that can influence physiological processes, reproduction, and behavior (for 
review, see Sapolsky et al., 2000). The primary avian glucocorticoid is corticosterone 
(CORT). Circulating CORT during periods of routine activity, or ‘baseline’ CORT, plays 
a permissive role for a variety of physiological processes (Sapolsky et al., 2000). 
Elevated, or ‘stress-induced’, CORT levels may stimulate physiological processes and 
behavior conducive to survival, such as fleeing harsh environmental conditions or 
suppressing reproduction or parental care (Silverin, 1987; Wingfield et al., 1995; 
Kitaysky et al., 2001; Wingfield, 2003; Romero, 2004). Measurements of baseline and 
stress-induced CORT levels in free-living animals are frequently used to assess exposure 
to environmental stressors, with the underlying assumption that individuals that 
encounter more frequent or intense stressors will have higher concentrations of 
circulating CORT (Schoech et al., 2007).  
When the value of current reproduction is high relative to the value of future 
reproduction, the stress response is often dampened (see review by Wingfield and 
Sapolsky, 2003). In species that undergo actuarial senescence, (i.e., have greater 
mortality rates within older aged cohorts) the value of current reproduction relative to 
future reproduction is predicted to increase with age because of a decreasing likelihood of 
survival to a subsequent reproductive event (Stearns, 1992).  Given that CORT can 
interfere with reproduction at multiple levels, older breeding animals are predicted to 
respond less strongly to stressors than younger breeding animals, ensuring that 
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reproduction is not inhibited (Wingfield and Sapolsky, 2003; Heidinger et al., 2006; 
Angelier et al., 2007). 
Reduced maximum CORT levels in aging individuals have been reported in green 
turtles (Chelonia mydas; Jessop and Hamann, 2005) and rats (Rattus norvegicus; Britton 
et al., 1975; Brett et al., 1983), and also in humans (Homo sapiens; see review by Otte et 
al., 2005). These results suggest that older individuals may, indeed, be ‘ignoring’ the 
stress-induced signal in an attempt to maximize reproductive output toward the end of 
life. In some species, older individuals may have habituated to stressors, which would 
explain their dampened stress response (Rees et al., 1983; McCormick et al., 2005).  
Heidinger et al. (2006), in a study of a long-lived bird species, showed that maximum 
CORT levels produced in response to an experimentally induced stressor (capture and 
restraint) decrease with age in both male and female common terns (Sterna hirundo).  
Heidinger et al. (2008) also delivered adrenocorticotropic hormone (ACTH) challenges to 
different aged common terns and found that older birds had reduced adrenal capacity, 
offering a valid mechanism for a decreased corticosterone response to a stressor. 
Conversely, Angelier et al. (2007) found no relationship between age and either baseline 
CORT or stress-induced CORT levels in Snow Petrel (Pagodroma nivea). Likewise, 
Heidinger et al. (2006) found no differences in baseline CORT levels among different-
aged Common Terns.  
        Alternatively, age-related changes in the response to stressful stimuli may result in 
an increase with age rather than a decrease in the magnitude and duration of the stress 
response (Stein-Behrens and Sapolsky, 1992).  Some human studies report an increase in 
duration and magnitude of stress response in elderly individuals, which may be linked to 
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a variety of age-related heath disorders (see review by Otte et al., 2005).  Rats also show 
an increase in the duration of a stress response with age (Sapolsky et al., 1983; Issa et al., 
1990). Although age-related changes in the glucocorticoid stress response may be 
common, we currently have little information about the physiological mechanisms 
mediating these changes in natural populations of vertebrates (Stein-Behrens and 
Sapolsky, 1992; but see Heidinger et al., 2008). 
     The two previously mentioned studies of age and CORT in birds were each conducted 
over a single year and both species studied were long-lived seabirds (Common Tern, 
Heidinger et al., 2006; Snow Petrel, Angelier et al., 2007).  We monitored CORT levels 
longitudinally, with baseline CORT samples spanning a five-year period and stress-
induced CORT data from a two-year period, in the moderately long-lived (max longevity 
of 15 years) Florida Scrub-Jay (Aphelocoma coerulescens). Florida Scrub-Jays show 
actuarial senescence in that mortality rates are increased in the oldest age groups; thus, 
the likelihood of old birds surviving to the next reproductive event is reduced (McDonald 
et al., 1996). Using these physiological data, we tested the prediction that the magnitude 
of the stress response would be inversely related to age in the Florida Scrub-Jay. 
 
2.  Methods 
 
2.1 Study species and location 
We studied stress-induced CORT in Florida Scrub-Jays between January and May 
of 2004 and 2005.  We assessed baseline CORT in this same population from January to 
May over five years (2004-2008).  Florida Scrub-Jays are cooperative breeders that 
defend territories year round. Groups in our population consist of a single breeding pair 
(approximately 50%) and from zero to as many as six nonbreeding helpers (mean = 1 
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nonbreeder per group) that are usually offspring of the breeding pair (Woolfenden and 
Fitzpatrick, 1984). Nonbreeders assist in territory defense, antipredator behavior, and 
most help to raise young (i.e., feed nestlings and fledglings; see Schoech et al., 1996). 
Our study population occupies the southern part of Archbold Biological Station located in 
south-central Florida (27°10’N, 81° 2l’W, elevation 38–68 m) and has been described in 
previous studies (see Schoech et al., 1996, Schoech et al., 2007). Virtually all birds at our 
site are banded with a unique combination of color and United States Fish and Wildlife 
Service aluminum bands that allow for field identification of individual jays. All birds are 
sexed by a combination of behavioral cues (social rank and sex-specific vocalizations) 
and genetic sexing. Through intensive nest searching during the breeding season and 
periodic censuses throughout the year, we follow the fate of all nests and monitor the 
status and survival of all individuals.  
2.2 Captures 
Birds were trapped in continuously monitored Potter traps baited with peanuts, 
and a small blood sample was taken via veinipuncture of the brachial vein with a 25 
gauge needle within two minutes of capture for assessment of baseline CORT (Romero 
and Romero, 2002; Schoech et al., 2007). In 2004 and 2005, captured birds were held in 
opaque cloth bags for 30 minutes to provide a stressor (‘stress series’, see Wingfield, 
1994), and a series of blood samples were taken at < 2, 5, 15, and 30 min post capture.   
The blood samples were kept on ice in coolers in the field prior to return to the lab. Upon 
return to the lab, the microhematocrit capillary tubes containing the blood samples were 
placed in a microhematocrit centrifuge and spun for five minutes to separate the plasma 
from the red blood cells. Plasma was drawn off with a 100uL Hamilton syringe and 
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frozen in plastic screw-top vials at -20° C until being thawed for radioimmunoassay at 
the University of Memphis. 
2.3 Time of sampling 
All captures for measures of stress-induced CORT were completed prior to clutch 
initiation (‘prebreeding’) for each respective bird.  Most captures for assessment of 
baseline CORT were completed during the prebreeding as well, however, a subset of 
captures of male breeders were completed while the males were provisioning young, and 
these data were analyzed separately. Further, all birds were captured between 0700h-
1100h EST to control for circadian variation in CORT levels. 
2.4 Radioimmunoassay 
We quantified plasma CORT concentrations from plasma samples of from 10 to 
30 µl of plasma using direct radioimmunoassays (RIA).  Samples from 2004 were 
randomly distributed between two assays, 2005 samples were randomly distributed 
among 6 assays, 2006 samples were analyzed in a single assay, and 2007 and 2008 
samples were randomly distributed between two assays for each year. Intra-assay 
coefficients of variation (CV) were 5.5%-21.6%. The inter-assay CV was 17.2%. The 
assays were performed with tritiated corticosterone purchased from PerkinElmer, Inc. 
(Boston, MA) and corticosterone antiserum from Esoterix Inc., Calabasas, CA. Although 
some of the intra-assay variance values are higher than ideal, samples were randomly 
selected from a bag containing all frozen samples from each year, and we are confident 




2.5 Statistical analysis 
Because of unequal sample sizes for each age, we categorized samples into three 
age categories: young (1-4 years), middle aged (5-8 years), and old (9+ years) prior to 
analysis.  All statistical analyses were completed with PASW 17.0 unless otherwise 
noted.  
a) Baseline Corticosterone 
Because some individual birds were captured in multiple years, we used Linear Mixed 
Models (LMM) with bird identity as a random factor and year as a repeated measure to 
test for the effects of age on baseline corticosterone.  Baseline corticosterone values were 
not normally distributed, therefore they were log transformed. For this analysis, 
transformed baseline corticosterone was the dependent variable, age group, and sex were 
fixed factors, and ‘days before clutch initiation’ (calculated by subtracting the date of 
clutch initiation for a territory from the capture date) was used as a covariate.  The days 
before clutch initiation variable was included to test for the potential effects of proximity 
to reproduction on the stress axis.  All two-way interactions were included in the initial 
model and non-significant interactions (P > 0.05) were iteratively removed to select the 
best model.  All main effects and significant interactions were retained in the final model.  
A separate LMM was run with age group as a fixed factor for the male breeders 
provisioning young (2006-2008). 
b) Total Integrated CORT 
We investigated the relationship between age and total integrated CORT for the birds that 
were captured and handled to elicit a stress response. Total integrated CORT values are 
calculated by determining the area under the curve of plasma corticosterone levels versus 
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time. This is a measure of the total amount of corticosterone secreted for each individual 
during the 30-minute capture and handling process (Cockrem and Silverin, 2002). Total 
integrated CORT was calculated with raw CORT values from each time point; however, 
because these values were not normally distributed they were log transformed.  For this 
analysis, we used a LMM as described above, and followed the same model selection 
procedures.  For this analysis, transformed total integrated CORT was the dependent 
variable, and age group, and sex were fixed factors.  All calculations of area under the 
curve were performed with GraphPad Prism Software (GraphPad Software, version 5.00, 
2009). 
c) Corrected Integrated CORT 
We also investigated differences in corrected integrated CORT among age groups.  
Corrected integrated CORT represents only the CORT secretion due to the response to 
the stressor. Corrected integrated CORT was calculated by multiplying the baseline 
CORT level by the duration of the sampling period and subtracting this total from the 
total area under the curve (Cockrem and Silverin, 2002). The corrected integrated CORT 
values were not normally distributed; therefore, the data were log transformed. For this 
analysis, we again used a LMM as described above, and log-transformed corrected 
integrated CORT was the dependent variable, age group, and sex were fixed factors. 
d) Stress Series 
The time series samples of plasma corticosterone levels were analyzed using repeated 
measures ANOVA with CORT levels at the four time points of the stress series as the 
repeated measure and dependent variable.  Age group, sex, and year were included as 
fixed factors and days before clutch initiation was included as a covariate. The final data 
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failed a test of sphericity (Mauchly’s Test x2 = 26.01, P < 0.001); therefore, we adjusted 
the degrees of freedom using the Greenhouse-Geisser approach to assess statistical 




3.1 Baseline CORT 
For the LMM with 5 years of prebreeding baseline CORT samples, the random 
factor, bird identity, was significant (Wald Z = 13.874, P < 0.001), and this variable was 
retained in all models. There were no significant differences among age categories in 
baseline CORT levels (F2, 385 = 0.113, P = 0.893) nor was there a significant difference 
between males and females in baseline CORT levels (F1, 385 = 1.352, P = 0.246).  Further, 
baseline CORT levels did not significantly co-vary with days before clutch initiation (F1, 
385 = 2.621, P = 0.106). None of the interaction terms were significant (P > 0.229 in all 
cases), and they were removed prior to analysis of the final model.  
For the LMM with 3 years of baseline CORT samples from male breeders while they 
were provisioning young, the random factor, bird identity, was significant (Wald Z = 
5.916, P < 0.001). There were no significant differences in baseline CORT levels among 
the age groups (F2, 70 = 0.310, P = 0.734) and there was no significant relationship 
between days before clutch initiation (after clutch initiation in this case) and baseline 
CORT (F1, 70 = 0.466, P = 0.497). None of the interaction terms were significant (P > 







3.2 Total integrated CORT 
 
For the LMM with data from 2004 and 2005 for stress-induced total integrated 
CORT, the random factor, bird identity, was significant (Wald Z = 9.83, P < 0.001), and 
was retained in each model. Total integrated CORT levels differed significantly among 
age groups (F2, 195 = 4.182, P = 0.017; Fig. 1), although there were no differences 
attributable to sex (F1, 196 = 0.228, P = 0.634), nor the covariate, day before clutch 
initiation (F1, 196 = 0.399, P = 0.528). Fisher’s LSD post hoc tests using estimated 
marginal means (EMM) generated from the LMM (PASW 17.0) revealed that total 
integrated CORT levels of middle aged jays were significantly lower than those of both 
young and old jays (P =0.017 and P = 0.008, respectively.  However, levels in young and 
old jays did not differ statistically (P = 0.213). None of the interaction terms were 






Fig. 1.  Relationship between log-transformed total integrated corticosterone and age  
group.  Means are shown with bars representing ± one standard error of the mean. 
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3.3 Corrected integrated CORT 
 
For the LMM with data from 2004 and 2005 for stress-induced corrected 
integrated CORT, the random factor, bird identity, was significant (Wald Z = 9.83, P < 
0.001), and was retained in each model. Corrected integrated CORT levels differed 
significantly among age groups (F2, 195 = 3.16, P = 0.045; Fig. 2), although there were no 
differences attributable to sex (F1, 194 = 0.56, P = 0.457), nor the covariate, day before 
clutch initiation (F1, 195 = 1.90, P = 0.169). Fisher’s LSD post hoc tests using estimated 
marginal means (EMM) generated from the LMM (PASW 17.0) revealed that total 
integrated CORT levels of middle aged jays were significantly lower than those of both 
young and old jays (P =0.043 and P = 0.020, respectively.  However, levels in young and 
old jays did not differ statistically (P = 0.244). None of the interaction terms were 




Fig. 2.  Relationship between log-transformed corrected integrated corticosterone and age  
group. Means are shown with bars representing ± one standard error of the mean.  
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3.4 Stress series 
 
From the repeated measures ANOVA with the stress series data from 2004 and 
2005, we found that CORT levels increased significantly with time since capture (F67.7, 
460.6 = 67.74, P < 0.001).  We found no significant within subjects effects for age group or 
sex or their interactions (P > 0.116 in all cases). There was a significant between-subjects 
effect of year (F1, 195 = 51.395, P < 0.001), with birds having an overall greater magnitude 
of response in 2004 (EMM = 2.542 ± 0.037) than in 2005 (EMM = 2.261 ± 0.028), 
however there were no other significant between-subjects effects (P > 0.516 in all cases).  
 
4.  Discussion 
 
 We found no evidence that Florida Scrub-Jays have lower baseline corticosterone 
levels or a dampened stress response in old age as was shown in Common Terns 
(Heidinger et al., 2006, 2008).  Further, unlike the study by Angelier and colleagues 
(2007) with Snow Petrels, who found no differences in baseline or stress-induced CORT 
in different aged birds, we found that the total amount of CORT released when exposed 
to a stressor is actually significantly greater in old birds than in middle-aged birds. The 
non-significant relationships between baseline CORT and age in this study held for male 
and female birds prior to clutch initiation as well as for male breeders during nestling 
provisioning. It appears that older Florida Scrub-Jays, despite facing actuarial 
senescence, are not dampening their response to stressors to ensure that reproduction is 
not disrupted, although the probability of survival to another reproductive attempt is 
reduced. 
 We can only speculate as to why older birds would show an increased total CORT 
response to a stressor than middle-aged birds, and for the majority of suggestions listed 
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below, we have no existing data (nor the ability to) to test these possibilities. Because the 
glucocorticoid stress response is regulated by the hypothalamic-pituitary-adrenal (HPA) 
axis (Sapolsky et al., 2000), changes in stress-induced CORT secretion may be 
modulated at several different, non-mutually exclusive levels (reviewed in Romero, 
2006). For example, a greater total corticosterone response in the old birds may be due to 
any or all of the following: 1) increased release of corticotropin-releasing hormone 
(CRH) and/or arginine vasotocin (AVT) from the hypothalamus (Romero et al., 1998), 2) 
increased pituitary sensitivity to CRH or AVT or an ability of the pituitary to produce 
adrenocorticotropin (ACTH) (Romero et al., 1998), 3) increased adrenal sensitivity to 
ACTH and/or a propensity for the adrenal to produce more CORT (Romero and 
Wingfield, 1998), 4) altered or malfunctioning negative feedback regulation of CORT 
secretion (Stein-Behrens and Sapolsky, 1992), or 5) a decrease in the rate at which CORT 
is cleared from the body (Purnell et al., 2004). 
Age-related changes in stress response may also occur downstream of the adrenal 
gland in the circulating levels of glucocorticoid binding globulins (CBG), at the level of 
glucocorticoid receptors, or in clearance rates. Estrogen has been reported to induce CBG 
production (Sandberg and Slaunwhite, 1959); thus, increased estrogen may lead to 
increases in CBG. If CBG levels increase, CORT production could also increase to 
compensate, leaving the amount of free CORT that is able to bind to receptors unchanged 
(Stein-Behrens and Sapolsky, 1992). It is unlikely, however, that this mechanism is 
responsible for an age-related modulation of the stress response in Florida Scrub-Jays, 
because estrogen does not increase with age in this species, and testosterone actually 
declines in older Florida Scrub-Jays (Wilcoxen unpublished data).  
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Aging in laboratory rats is often accompanied by an increase in baseline CORT 
levels (Tang and Phillips, 1978; Brett et al., 1983; Sapolsky et al., 1983), as well as the 
duration of the stress response (Sapolsky et al., 1983; Meaney et al., 1988, 1990). Both 
types of CORT receptors (mineralocorticoid and glucocorticoid) have been reported to 
decline in the hippocampus of older rats (Meaney et al., 1990; van Eekelen et al., 1991) 
and this reduction is thought to contribute to an increase in baseline CORT levels and the 
duration of the stress response in old age. We are not able to assess this possibility with 
this species, as it is Federally threatened and studies that require the sacrifice of 
individual birds are not allowed.  
Finally, these observed patterns may be entirely independent of physiological 
senescence, and instead may have an ecological basis.  For example, in another study 
with Florida Scrub-Jays, Wilcoxen et al. (2010) found that although this species 
undergoes actuarial senescence, there is no evidence of tradeoffs in investment in self 
versus investment in offspring in the oldest male breeders.  In fact, there was evidence 
that older individuals were typically in better overall condition than many younger birds, 
suggesting selection in which only the ‘best’ individuals survive to old age.  It may then 
follow, that birds that survive to old age maximize their response to stress, thereby 
enhancing survival despite the decreased likelihood of breeding the following year.  
Ultimately, from an evolutionary standpoint, the cost of reproduction late in life when 
conditions are less favorable and ‘stressful’ may be greater than the benefit of delaying 
reproduction until conditions are improved despite the decreased likelihood of surviving 
to another reproductive opportunity. 
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In combination, the conflicting findings of Heidinger et al. (2006; 2008), Angelier 
et al. (2007), and this study reinforce the need for future studies on a broader range of 
avian species.   Of particular benefit would be studies of species with different life-
history and ecological characteristics, which would provide a more comprehensive 
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Chapter 5  Older can be better: Physiological costs of paternal investment in the  
       Florida scrub-jay  
 
 
Abstract  In species that undergo actuarial senescence, the value of current reproduction 
is predicted to increase relative to the value of future reproduction with age, as the 
probability of survival to another reproductive event is reduced. Therefore, life history 
theory predicts that aging animals should increase their investment in reproduction. 
However, an increase in reproductive investment may carry significant costs to the 
breeding individuals. We recorded provisioning rates of Florida scrub-jay male breeders, 
followed by their immediate capture to assess body condition and collect blood for an in 
vitro test of immunocompetence and an assay of baseline corticosterone for a measure of 
stress.  Older males provisioned offspring and brooding mates at the highest rates.  There 
was no evidence of any physiological deficits in males with high provisioning rates, 
independent of age. It appears that birds that survive to old age are high quality birds that 
maintain good physiological condition, which complements the value of experience and 
permits maximal investment in offspring. 
 
Keywords: Aphelocoma coerulescens, senescence, parental care, cost of reproduction 
 
Introduction 
As individuals of a given species with actuarial senescence (increase in mortality with 
age) become older, the value of current reproduction is predicted to increase relative to 
the value of future reproduction because of a decreased likelihood of subsequent 
reproductive opportunities (Stearns 1992); therefore, life history theory predicts that 
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aging animals should increase their investment in reproduction with age (Stearns 1992). 
One particularly demanding facet of reproduction in many vertebrates is parental care of 
dependent offspring (Clutton-Brock 1984) and; furthermore, the energy and resources 
allocated to breeding may limit their availability for self-maintenance (Reid 1987; 
Ricklefs and Wikelski 2002; Williams 2005). Documented costs to birds of provisioning 
young include reduced survival to another breeding attempt (Maigret and Murphy 1997; 
see review by Owens and Bennett 1994), reduced future reproductive success 
(Gustafsson and Sutherland 1988), and measurable energy deficits (Bryant and Tatner 
1991).  
We observed paternal provisioning behavior in Florida scrub-jays (Aphelocoma 
coerulescens), shortly after the altricial young had hatched and subsequently captured 
those focal male breeders to investigate a suite of physiological parameters that may be 
inversely related to parental effort, given the energetic expense of parental care. One such 
physiological measure is the maintenance of constitutive immunity, which can be 
assessed via the in vitro ability of blood to kill the gram-negative bacteria, Escherichia 
coli (Matson et al. 2006). Theory and limited empirical study suggest that individuals 
should be capable of making short-term adjustments in the energy allocated to immune 
function, and that such adjustments are context-dependent relative to survival and 
reproduction (Ardia 2005; Love et al. 2008; Viney et al. 2005). There is considerable 
evidence that mounting an immune response is costly (Ardia 2005; Boughton et al. 
2007), although not all studies have found a relationship between reproductive effort and 
immunocompetence (Ilmonen et al. 2002; Ilmonen et al. 2003). For example, Velando et 
al. (2006) experimentally induced illness in different aged blue-footed boobies (Sula 
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nebouxii), and found that older individuals redoubled reproductive effort when ill.  
The cost of increased parental effort may also be reflected in elevated stress 
hormone levels; therefore, plasma levels of corticosterone (the primary avian stress 
hormone; Wingfield and Farner 1976), which can be immunosuppressive (Sapolsky et al. 
2000), should also be considered in studies that examine the costs of reproduction in an 
eco-immunologic context. In avian species, corticosterone (CORT) is often elevated 
during nestling rearing, which may have adaptive value by facilitating a necessary 
increase in metabolic activity during this energetically costly time (Love et al. 2004; 
Wingfield 1994).  However, chronically elevated baseline CORT levels have also been 
correlated with nest abandonment (Love et al. 2004; Silverin 1982, 1986) and cessation 
of reproduction (Sapolsky et al. 2000). Further, because the overall condition of an 
individual can direct resource allocation (i.e., to self vs. offspring), it is also necessary to 
integrate measures of body condition in studies that examine the inter-relationships 
between parental effort, immune function, and ‘stress’ physiology.  
We examine these inter-relationships in a field study of the Florida scrub-jay. We 
tested the prediction that measures of physiological condition would be negatively related 
to parental effort. We also tested the prediction that older birds exhibit increased parental 
effort at a cost to their own physiological condition.  
 
Methods 
Study species and location 
Because a single year, or cross-sectional, study may not be sufficient to reveal costs of 
reproductive investment in different aged birds (Reid et al. 2003; Velando et al. 2006), 
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we studied provisioning behavior and several physiological measures in male Florida 
scrub-jay breeders during the breeding seasons of 2006, 2007, and 2008. Fortunately, 
because our study is longitudinal, we were able to follow a subset of individuals across 
multiple years and assess their behavior patterns (offspring provisioning) and how this 
correlates with immune capabilities, body condition, and baseline corticosterone levels.  
 Florida scrub-jays are genetically monogamous (Quinn et al. 1999) cooperative 
breeders that defend territories year round. Groups consist of a breeding pair and from 
zero to six nonbreeding helpers (mean = 1 nonbreeder per group). Nonbreeders are 
usually offspring of the breeding pair and they assist in territory defense, antipredator 
behavior, and provisioning offspring (see Schoech et al. 1996).  Florida scrub-jays rarely 
breed in their first year and most remain in their natal territories for more than one year 
before they find a breeding opportunity (Woolfenden and Fitzpatrick 1984). Mortality is 
high during the first year of life, but for individuals that survive the first year, the average 
lifespan is 5 years (record longevity is 15 years, Woolfenden and Fitzpatrick 1984). Our 
study population occupies the southern part of Archbold Biological Station in south-
central Florida (27°10'50" 81°21'00”, elevation 25m-65m) and has been described in 
previous studies (see Schoech et al. 1996; Schoech et al. 2007). Virtually all birds are 
banded with a unique combination of color bands and a United States Fish and Wildlife 
Service aluminum band that allow for field identification of individual jays. The gender 
of all birds is determined either by a combination of behavioral cues (social rank, sex-
specific vocalizations, and parental behavior) or molecular techniques (Woolfenden and 
Fitzpatrick 1998). Florida scrub-jays lay 1-5 eggs (modal clutch size is 3) and eggs hatch 
after approximately 18 days of incubation. Parental care is obligate and female Florida 
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scrub-jay breeders spend most of their time brooding for several days after the altricial 
nestlings hatch and during this period considerable effort is required by male breeders to 
bring food to the female and the nestlings (Woolfenden and Fitzpatrick 1996) Because 
the Florida scrub-jay is a federally threatened species, females were not included in this 
study for fear of interfering with reproductive success.  
 
Nest watches 
We recorded provisioning rates of male breeders during the critical first few days of 
development (the body mass of nestling approximately triples between hatching and day 
5 post-hatch; Rensel unpubl. data). All focal nest watches were conducted by TEW who 
observed the feeding of nestlings at 30 nests in 2006, 22 nests in 2007, and 38 nests in 
2008. We controlled for age-based variation in the nutritional requirements of nestlings 
by conducting all watches when nestlings were between 3 and 5 days post-hatch. To 
control for daily fluctuations in feeding patterns across the population (Stallcup and 
Woolfenden 1978), we observed each nest for 1 hour in the morning (between 0700 and 
1000 hours) and one hour in the afternoon (between 1500 and 1800 hours), times of 
maximal activity, including parental provisioning (Stallcup and Woolfenden 1978).  
Because Florida scrub-jays are cooperative breeders, approximately one half of 
breeding pairs have nonbreeding helpers in the territory that assist with offspring 
provisioning. During the early nestling stage, however, helpers are largely excluded from 
their natal territories, or at least from the immediate nest area. Of the 90 watches and 895 
observed visits in this study, nonbreeders delivered food to the nest 24 times (2.7%), and 
in all but one visit, the food brought by a nonbreeder was taken by the female breeder and 
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not given to nestlings. This exclusion begins when eggs are laid, however helping at the 
nest by nonbreeders occurs regularly by the time the nestlings are 8-12 days old (Schoech 
et al. 1996). Although provisioning by helpers during the few days immediately after 
hatching is negligible, helpers may provide territory defense and alert breeders to the 
presence of predators. The vigilance provided by nonbreeders may influence provisioning 
rates of breeders; therefore, we recorded the total number of helpers present in a territory 
during each watch, as well as any provisioning contribution of helpers. Nest observations 
were made from a distance of 30-60m from the nest (mean = 38.8m). For each 
provisioning visit we documented the following: identity of visitor, time of visit, and 
categorical food score of the visit (Mumme 1992; Schoech et al. 1996; Stallcup and 
Woolfenden 1978). We quantified the amount of food delivered by scoring each bolus of 
food on a scale of 1 to 3. Small items that did not distend the throat (sublingual pouch) 
were given a value of 1. Large prey items that distended the throat or fully protruded 
from the bill were given a value of 3. Intermediate bolus sizes were given a value of 2.  
When the bill and sublingual pouch were obstructed from view upon delivery, the amount 
was recorded as 1 (this occurred in approximately 8% of all visits).  Food scores from the 
two watches were summed as a total food score (a measure of total effort during the 
watches). Although this method provides a visual estimate of food delivered rather than 
an absolute measure, consistency of the scores was assured due to all being done by TEW 
and we are confident that this is a viable method. We also calculated a per-nestling 




Capture and blood sampling 
Following the second nest watch, male breeders were trapped in continuously monitored 
Potter traps baited with peanuts, and a small blood sample was collected from the 
brachial vein within two minutes to measure baseline CORT (Schoech et al. 2007). A 
second blood sample was collected for the in vitro bacteria killing assay (BKA) after we 
ensured sterility by liberally swabbing the area around the brachial vein with 70% alcohol 
and allowing it to air dry for 10-15s. We used a 100ul pipette and sterile tip to transfer 
40ul of whole blood from a sterile capillary tube to a screw-cap Eppendorf© vial that 
contained 400ul of CO2-independent media (catalog, #18045: GIBCO Invitrogen, 
Carlsbad, CA) with 4mM L-glutamine (Sigma, #G-6392). We then recorded standard 
morphometrics (e.g., tarsus, wing-cord, and head length, as well as mass), and returned to 
the lab. Microhematocrit tubes containing blood samples for assay of baseline CORT 
were centrifuged for five minutes to separate plasma from the cellular fraction. Plasma 
was frozen at -20° C until radioimmunoassay at the University of Memphis. 
 
Bacterial killing assay 
Following blood sampling, we returned to the lab within 60 min, as previous work with 
this species has shown a significant degradation of bacterial killing ability of whole blood 
when stored for longer (Boughton et al. in review). We followed the basic procedure of 
Millet et al. (2007) and performed the assay in a sterile working environment. First, we 
reconstituted lyophilized microbial pellets of E. coli (Epower Microorganisms, ATCC 
8739, MicroBiologics, St. Cloud, MN) following the manufacturer’s instructions. The 
440 µl of blood and cell media mix was separated into 100 µl aliquots for duplicate 
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bactericidal assays and 10 µl of E. coli suspension was added to each aliquot. 
Additionally, we prepared an inoculate control mixture (100 µl of media mixed with 10 
µl of microorganism). The blood and bacteria mixtures (totaling 110 µl) were incubated 
at 41º C for 20 minutes and 50 µl was spread evenly onto duplicate agar plates. Inverted 
plates were incubated at 37º C overnight and colonies were counted the following day. 
We calculated the proportion of E. coli killed as 1- (colonies on plates with blood / 
colonies on inoculate control plates).  
 
Radioimmunoassay 
We quantified plasma CORT concentrations from plasma samples of from 10 to 30 µl of 
plasma in three direct radioimmunoassays (Wingfield and Farner 1976), one each for 
2006, 2007, and 2008. Extractions with diethyl ether yielded an average recovery of 87%. 
The assay used tritiated corticosterone from PerkinElmer, Inc. (Boston, MA), 
corticosterone antiserum from Esoterix, Inc. (Calabasas, CA), and standards from Sigma-
Aldrich, Inc. (Boston, MA). The six standards included in each of the three year’s assay 
indicated intra-assay coefficient of variations (CV) of 12.8, 14.0 and 16.0%, respectively. 
The inter-assay CV was 24.4%, despite a grand mean for all standards from the three 
assays of 0.95 ng/ml (1.00 ng/ml for each assay is ideal). Although our CVs are higher 
than ideal, because samples within and among assays were randomly distributed there is 
almost certainly no directional biasing of our findings.  
 
Body condition index 
We estimated body condition by using a principal components analysis of structural 
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measures (head breadth and the lengths of the head-plus-bill, wing cord, tail, and tarsus), 
extracting principal component one (PC1; eigenvalue = 1.81, variance explained = 
60.5%; PC2; eigenvalue = 0.73, variance explained = 24.3%), regressing mass against 
PC1, and using the residual values as the body condition index (BCI; see Green 2001).  
For the individuals in this data set, BCI was weakly correlated with fat score (four-
category scale; Bernis 1966), providing some evidence that this measure is related to 
overall body condition (Pearson’s Correlation; r = 0.273, p = 0.021, n = 72).  
 
Statistical analysis 
To test for physiological costs associated with paternal effort, we used a General Linear 
Mixed Model (LMM; PASW 17.0) with bird identification as a random factor, allowing 
us to control for non-independence of data points, as some of the samples were from the 
same individuals in multiple years (21 males were observed and captured in two different 
years and 10 were observed and captured in three different years). Total food score from 
the two watches was the dependent variable, and year, and male breeder age were 
included as fixed factors: the number of helpers, brood size, body condition, baseline 
CORT, and bacterial killing ability were included as covariates. Two-way interaction 
terms were also included in the model. Non-significant variables (p > 0.05) were 
eliminated using a iterative backwards procedure, where the variable or interaction with 
the greatest p-value was removed at each step, until the most parsimonious model was 
obtained.  
The ultimate tradeoff (life versus death) between investment in self-maintenance 
and investment in offspring care is measured by survival to another breeding attempt. To 
 83 
determine whether the amount of parental effort affected the survival of male breeders to 
the next breeding season, we ran a Generalized Linear Model with a binary logit response 
variable of survival to the next breeding season (yes or no) as the dependent variable and 
provisioning rate and age as independent variables. 
To analyze patterns of provisioning among different brood sizes, we used two 
separate Analysis of Covariance (ANCOVA) with brood size as the independent variable 
and bird identification as a random factor. The first model included total visits to the nest 
as the dependent variable and the second model featured provisioning rate/hour/nestling 
as the dependent variable. 
We were also interested in changes in specific physiological measures in different 
aged birds, independent of paternal effort. Accordingly, we used linear, quadratic, and 
logarithmic curve estimation to test whether the physiological measures differed among 




Male breeder identity (random covariate) explained a significant amount of variation in 
total food score (Wald Z = 4.69, p < 0.001); therefore the random identity factor was 
retained in all models to control for the repeated sampling of some individuals. 
The amount of food delivered to the nest increased with male breeder age (F12, 44 
= 7.79, p < 0.001; Fig. 1). Birds in better body condition delivered more food to the nest 
(F12, 44  = 5.890, p = 0.019; Fig. 2). The total amount of food delivered to the nest 
increased with brood size (F1,44 = 13.355, p = 0.001; Fig. 3). For post hoc analysis of 
pairwise comparisons, we used Least Square Difference tests (LSD) with estimated 
marginal means and a Bonferroni confidence interval adjustment (Landau and Everitt 
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2003; PASW 17.0). The post hoc comparisons with Bonferroni adjustments were 
calculated as PBonferroni = PLSD x number of comparisons.  Those pairwise comparisons 
with PBonferroni  less than 0.05 were considered significantly different from one another.  
The post hoc analyses revealed significantly greater total food scores in broods of four 
(estimated marginal mean (EMM) = 22.47 ± 1.13 SE) compared to broods of one nestling 
(EMM = 12.15 ± 2.32 SE; p = 0.001) and broods of two nestlings (EMM = 16.79 ± 1.17 
SE; p = 0.005) and significantly greater total food scores in broods of three (EMM = 
20.96 ± 0.81) than in broods of one (p = 0.004) and greater than broods of two (p = 
0.028).  There were also year-effects (F2, 44 = 4.91, p = 0.012) and post hoc analyses 
revealed greater food delivery in 2007 (EMM = 20.83 ± 1.35 SE) than in 2006 (EMM = 
15.43 ± 1.05 SE; p = 0.003) and 2007 average total food scores higher than those of 2008 
(EMM = 17.53 ± 0.91 SE; p = 0.033).  E. coli BKA, number of helpers, and interactions 
explained no statistically significant variance in provisioning rate (Table 1).  
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Fig. 1.  Relationship between total food score (cumulative sum of food delivered to the  
nest over two watches) and male breeder age in Florida scrub-jays.  
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Table 1. Factors explaining variation in total food score (cumulative sum of food 
delivered to the nest over two nest watches) by Florida scrub-jay male breeders. 
Variable Numerator df Denominator df F Sig. 
Brood Size   1  44                            13.355            0.001 
Year   2  44  4.905   0.012 
Body Condition Index   1  44  5.980   0.019 
Age 12  44  7.791 <0.001 
E. coli BKA   1  23  0.332   0.570 
Baseline CORT   1  31  0.322   0.575 
Helpers   1  41  3.345   0.075 
Brood Size*Age   7  32  1.014   0.440 
Age*E. coli BKA   5    8  2.250   0.147 
Age*Baseline CORT   7  24  1.172   0.355 
Age*Body Condition Index   4    4  0.794   0.586 
Age*Year   2    8  2.151   0.156 
E. coli BKA*Year   2  21    1.646   0.217 
Baseline CORT*Year   2  31  1.181   0.320 
Brood Size*Year   2  19  0.247   0.784 
Body Condition Index*Year   2  42  2.974   0.062 
Helpers*Year   2  39  2.825   0.071 
Age*Helpers   6  13  1.568   0.233 
F statistics and probability values (p) are from a General Linear Mixed Model with backwards, iterative 
elimination of nonsignificant variables (p > 0.05). Values shown are from the point at which each variable 




Survival to the next breeding season was not affected by paternal provisioning 
rate (binary logistic regression; Wald X2 =0.001, p = 0.976) or male breeder age (Wald 
X2 = 0.031, p = 0.860).  Additionally, the interaction of these two factors was not 
significant (Wald X2 = 0.98, p = 0.32). 
The total number of visits to the nest did not differ significantly by brood size 
(ANCOVA; F3,83 = 2.10, p = 0.107). There was a significant effect of brood size on per-
nestling provisioning rate (ANCOVA; F3,83 = 27.655, p < 0.001), with per-nestling 
provisioning rates significantly lower in each successive brood size (see Fig. 4). 
 We found a positive and significant logarithmic relationship between E. coli 
killing ability and age (r2 = 0.212, F1, 64 = 17.27, p < 0.001; Fig. 5). However, we found 




In this study, food delivery to the nest increased with the age of the male breeder and 
remained high in the oldest individuals (Fig. 1). We found no decrease with age in two of 
the measures of physiological condition (e.g., CORT and BCI), and an increase with age 
in E. coli killing ability (Fig. 4). Further examination of the E. coli killing pattern 
suggests decreased variance with age, with older birds tending to have great bactericidal 
capabilities. Haussmann et al. (2005) predicted if immunocompetence has survival value 
then, on average, only those individuals with the best immune capabilities would live to 
the oldest ages. We have no evidence to suggest that jays generally demonstrate 
‘improved’ bactericidal capabilities as they age, in fact, a repeatability analysis of E. coli 
killing ability for the same male breeders captured in multiple years revealed that this 
immune measure was highly repeatable in individual males (Wilcoxen et al. 2010). If the 
measure of immune function used in this study is representative of other aspects of 
immunocompetence, this suggests that a natural ‘culling’ of sub-prime individuals may 
be occurring before old age, leaving only the strongest to survive (Coulson and Thomas 
1985). Indeed, recent evidence from our population supports this idea as during an 
epidemic in 2008 that killed 39% of the population, those jays that survived were 
characterized as having higher immunocapabilities than the jays that did not (Wilcoxen et 































Fig. 2. Relationship between total food score (cumulative sum of food delivered to the  
nest over two watches) and body condition in Florida scrub-jays. 
 
 
In consideration of the positive relationship between age and provisioning, the 
high provisioning rates in older male breeders may be due to factors that act either 
individually or together, including: 1) increased foraging efficiency with experience 
(Daunt et al. 2001; Martin 1995; Murphy et al. 2000; Orians 1969; Wunderle 1991), 2) 
acquisition of territories in the habitats that are the richest in resources, sheltered from 
predators (thereby promoting foraging), or both (Fontaine and Martin 2006); and 3) 
‘good genes’ that maintain physiological function with age (Kokko 1998). Overall, 
senescence can be difficult to detect when the older individuals are a homogenous group 
of high-quality birds (McDonald et al. 1996). McDonald et al. (1996), using annual 
fledging rate as a measure of quality (with no physiological or behavioral considerations), 
demonstrated in Florida scrub-jays that high early mortality of individuals with low 
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fledging success reduces heterogeneity in cohorts in each subsequent year, leaving only 
the highest quality individuals at the older ages. Our data show this pattern as well, and 
provide important behavioral and physiological links to the conclusions drawn from 
fledging success in that study. 
 











































































Fig. 3. (a) Relationship between total food score (cumulative sum of food delivered to the  
nest over two watches) and brood size in Florida scrub-jays. Bars represent    
means ± one standard error. (b) Relationship between per-nestling   
provisioning rate (food score/nestling/hour) and brood size in Florida scrub- 
jays.  Bars represent means ± one standard error. 
 
 
Fisher (1930) proposed that physiological systems might reflect life history 
tradeoffs, and in the intervening years, considerable research has focused on the 
differential allocation of resources to reproductive effort and various physiological 
systems (e.g., Ardia 2005; Ketterson and Nolan 1992; Ricklefs and Wikelski 2002; 
Williams 1966; Williams 2005; Zera et al. 1998). The ‘terminal investment hypothesis’ 
(see review by Monaghan et al. 2008; Clutton-Brock 1984) predicts that the oldest 
 89 
individuals in a population will increase investment in reproduction and decrease 
investment in self-maintenance, thereby maximizing their reproductive effort toward the 
end of life. Therefore, the physiological condition of a breeder could reflect a tradeoff 
between self-maintenance and parental effort. Though we did not experimentally 
manipulate our system to specifically test hypotheses associated with these ideas, our 
data from this observational study with Florida scrub-jays do not offer support for these 
concepts. 
More recent theoretical simulations of life history tradeoffs by Kokko (1998) 
suggest that the necessity to tradeoff investment in self-maintenance versus investment in 
parental care is entirely dependent upon the condition or quality of the individual. Some 
support for this comes from a study by Ardia (2005) who found that lower quality (but 
not high quality) tree swallows (Tachycineta bicolor) exhibited tradeoffs between 
immune response and offspring investment, but we found no such evidence in our system 
(see Table 1). In another study with tree swallows, Murphy et al. (2000) found no 
evidence that rearing nestlings carried a significant cost, as parents increased 
provisioning in response to experimentally increased brood size without a decrease in 
survival or current or future reproductive success. In our study, individuals that delivered 
more food to the nest tended to be in better body condition, which, again, suggests that 
the amount of parental effort is likely more dependent upon individual quality than the 
ability of an individual to increase effort at the expense of self-maintenance. Further, 
individuals that exhibited greater paternal effort were no less likely to survive to the next 
breeding season than those providing little parental care. 
 
 90 
As expected, male Florida scrub-jay breeders did not adjust provisioning rates 
relative to the number of helpers in a territory during early nestling stages. Later in 
nestling development when helpers are permitted to allofeed, breeders with helpers tend 
to decrease provisioning (Schoech et al. 1996; Schoech unpbl. data). Conversely, in 
territories with fledglings, the fledged young received more food in territories with more 
helpers, but neither male nor female breeders decreased their feeding rates when helpers 
were present (McGowan and Woolfenden 1990). The effect of the presence of helpers 
upon parental provisioning rates seemingly varies by species: rates increased in azure-
winged magpies (Cyanopica cyanus; Valencia et al. 2006) and decreased in laughing 
kookaburras (Dacelo novaguineae; Legge 2000). 
 We found a significant year effect, represented by greater provisioning rates in 
2007 than in 2006, with a corresponding trend in 2008. The breeding season of 2007 was 
characterized by a severe drought, including a three-month period (Nov. - Jan.) that 
immediately precedes breeding: rainfall in 2007 totaled 6.8 cm compared to the long-
term norm of 16.1 cm during this period (Schoech 2009). Drought conditions negatively 
affect plant growth, which reduces the invertebrate emergence upon which the majority 
of bird species rely to fuel reproduction. Further evidence of 2007 being an abnormal 
year comes from the fact that 17% of the established breeding pairs did not initiate 
clutches, whereas in most years this figure is 2 – 4% (Morgan et al. in review; Schoech 
1996, 2009). In such harsh environmental conditions, it is likely that only the most 
experienced birds or those in the best physiological condition even attempted to 
reproduce. Breeding in high-risk conditions could be interpreted as evidence of paying a 
substantial cost; however, our data offer contra evidence as despite poor environmental 
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conditions when resources were limited, birds that successfully nested in 2007 had 
substantially greater bacterial killing ability and were in better body condition on average 
than in either 2006 or 2008 (Wilcoxen unpubl. data). 
 
 
Fig. 4. Relationship between male breeder age and E. coli killing capacity in Florida  
scrub-jays. The significant relationship is logarithmic in nature, with great 
variance in the young birds and narrowing variance in the oldest birds which are 
all toward the high-end of bacterial killing. 
 
 
Not surprisingly, brood size also greatly influenced the provisioning effort of 
male breeders, with the total delivery of food significantly greater in broods of three or 
four nestlings than broods of one or two nestlings. It is interesting to note, however, that 
although the total amount of food delivered to a nest increases with brood size, it does not 
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increase proportionally to the number of nestlings, as the per-nestling provisioning score 
decreases significantly with increasing brood size (Fig. 4).  
Although producing more offspring likely increases the chances of at least one of 
the nestlings surviving to fledging, there are tradeoffs associated with the production and 
feeding of larger broods (e.g., Smith et al. 1989, ‘quality vs. quantity’). Male breeders 
may also be using different strategies of delivery among different brood sizes, as more 
food was delivered to larger broods with no significant difference in total visits to the 
nest.  Environmental limits of food availability and predator abundance – neither of 
which were assessed in this study -  both can influence general activity levels (Fontaine 
and Martin 2006) or determine the amount of food that can be delivered to a nest, 
irrespective of the number of nestlings or their needs (Ratcliffe et al. 1998; Wunderle 
1991; but see Drent and Daan 1980 and their concept of the ‘Prudent Parent’).  
 
Conclusions 
It is possible that Florida scrub-jays in our study population that are able to reach the 
eldest ages are individuals that have generally been in greater condition for much, if not 
all, of their lives.  This result provides an important behavioral and physiological link to 
previous findings of age-related fledging success in this species (McDonald et al. 1996).  
Given our findings, we hypothesize that in Florida scrub-jays, the persistence of good 
physiological condition in older birds acts in synergy with the value of experience: these 
factors allow these jays to increase their contribution to their offspring without a 
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Chapter 6  Variation in female nest attendance in Florida scrub-jays: correlates and  
        consequences. 
 
 
In avian species with obligate biparental care, the contribution of both members of the 
breeding pair is important for the healthy development and successful fledging of 
offspring. We investigated, in Florida scrub-jays (Aphelocoma coerulescens), factors that 
are predicted to influence maternal nest attendance behaviour, including variation in male 
breeder provisioning to the nest, female breeder age, food supplementation, and the 
timing of clutch initiation within a given season. We also investigated the relationship 
between parental care and fledging success. Female nest absence scores were lower in 
territories that were supplemented prior to breeding, as well as in those non-
supplemented females whose mates delivered more food to the nest. Food availability, as 
well as the provisioning rates of male breeders, thus, appear to play important roles in 
determining female nest attendance patterns in this species. Our results also show severe 
consequences of female nest absence for reproductive success, as females that exhibited 
higher nest absence scores were less likely to fledge offspring. 
 
 
Rearing young is likely stressful to parent birds, largely due to time limits imposed by the 
balance of caring for young and foraging (Drent & Daan 1980; Murphy and Haukioja 
1986; Martin 2002; Royle et al. 2004; Chalfoun & Martin 2007). Parental care is 
beneficial because it promotes survival and future fitness of offspring, but it may be 
detrimental to self-maintenance and future reproductive output of parents (Clutton-Brock 
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1991). In many bird species in which the females incubate or brood alone, males provide 
some food to the nest-tending female and much food to the nestlings (e.g., Lack 1968, 
Lifjeld and Slagsvold 1986, Sanz 1996, Rensel et al. 2010, Wilcoxen et al. 2010). The 
degree to which one member of a pair contributes to nestling care has also been found to 
affect parental effort of the other member of the pair (Jones et al. 2002, Hinde & Kilner 
2007). The ‘female-nutrition hypothesis’ (Royama 1966) has been posed to explain the 
importance of food availability for females during nest-tending: food brought to the nest-
tending female may supply her with essential energy, increasing her attentiveness and 
shortening periods away from the nest (Nilsson & Smith 1988, Smith et al. 1989, Lozano 
& Lemon 1995, Sanz 1996). Additionally, in conditions in which food is abundant, the 
time spent in offspring care can be increased while energetic expenditures are reduced 
(Eikenaar et al. 2003). Therefore, resource distribution or abundance may also determine 
the relative contribution of each member of a breeding pair to parental care (Reyer & 
Westerterp 1985).  
In some species, variation in natural food availability can influence parental care 
during incubation (e.g. Sanz 1996; Eikenaar et al. 2003; Zimmerling & Ankey 2005) and 
during brooding (e.g. Davis & Graham 1991; Whittingham & Robertson 1994; Jenkins 
2000; Eldegard & Sonerud 2009).  Experimental studies, manipulating food availability, 
have shown variation in parental behaviour associated with different food availability as 
well (e.g. Moreno 1989; Smith et al. 1989; Martin 1987; Dewey & Kennedy 2001; Pearse 
et al. 2004; Rastogi et al. 2006).  Female Wheatears (Oenanthe oenanthe) given 
supplemental food during incubation spent significantly less time away from the nest 
(Moreno 1989), and female pied flycatchers given supplemental food during incubation 
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were away from the nest for shorter periods of time than control females (Smith et al. 
1989).  
 Aside from the potential energetic implications for both members of a bi-parental 
pair, environmental conditions that necessitate foraging forays away from the nest area 
come at the cost of increased exposure of eggs and young to nest predators (Cadiou & 
Monnat 1996; Samelius & Alisauskas 2001; Tewksbury et al. 2002) and potential thermal 
stress of eggs and nestlings (Palmer et al. 2000). The extent to which nests are exposed to 
predation also is known to play a role in parental care strategies, such as nest attendance 
(Martin 2002; Eggers et al. 2005; Fontaine & Martin 2006). In some species, prolonged 
absence from the nest increases the vulnerability of the nest to incidental predation 
(Cadiou & Monnat 1996; Samelius & Alisauskas 2001; Tewksbury et al. 2002).  Further, 
increased visitation rates can increase predation on nests (reviewed in Martin & Briskie 
2009). However, even though individuals within a population might experience similar 
predation pressure, there is still considerable among-pair variation in patterns of nest 
attentiveness (Fontaine & Martin 2006). Siberian Jays reduce nest visits at times of the 
day when corvid nest predators frequently occur within sight of the nest, but compensate 
for lost feeding opportunities by allocating more feeding effort to periods when predators 
are less active (Eggers et al. 2005).  
 Although biparental care is common in birds (Winkler 1987), few studies have 
considered how nest attendance varies with resource availability and mate contribution 
(but see Yom-Tov 1974; Dewey & Kennedy 2001; Eggers et al. 2008; Eldegard and 
Sonerud 2009), as well as whether or how these two interlinked factors result in within-
population or among-year variation in fledging success (see also Whittingham et al. 
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1994; Ward & Kennedy 1996; Martin 2002; Nagy & Holmes 2005). Eggers et al. 2008 
investigated the role of food availability in predator-induced adjustments of feeding visit 
rates. Their a priori prediction was that feeding visit rates are constrained by low food 
availability rather than the presence of predators, and extra food should allow parents to 
provision their offspring more often (Smith & Montgomerie 1991). The results of the 
Eggers et al. (2008) study instead showed that Siberian Jays (Perisoreus infaustus), when 
supplemented with a food source suitable for nestling feeding, reduced feeding rates, but 
only in the presence of visually-oriented predators.  
 Using Florida scrub-jays (Aphelocoma coerulescens) parents as models, we 
investigated potential factors correlated with female nest attendance, including 
provisioning effort of male breeders, the number of years the pair had built nests together 
(pair bond duration), the age of the female breeder, brood size, the number of 
nonbreeding helpers in the territory, dates within the breeding season that the nest was 
active, and the addition of supplemental food.  
In a related study, Rensel et al. (2010) found that nestling Florida scrub-jays with 
mothers that spent more time away from the nest area during the early nestling phase had 
elevated baseline levels of corticosterone, an adrenal steroid hormone indicative of 
physiological stress (e.g., Pravosudov & Kitaysky 2006). Following this strong 
relationship between nestling corticosterone levels and female behaviour, we became 
interested in factors driving variation in female breeder nest attendance and the ultimate 
consequences of nest attendance for survival of nestlings. We predicted that females 
would be more attentive to nests when their male partner delivered more food to the nest.  
We also predicted that nest attendance would increase with the number of years the pair 
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had nested together (as seen in studies by Reid 1988; Green 2002; van de Pol et al. 2006), 
and that older female breeders would invest more in young (Wilcoxen et al. 2010) and 
show greater nest attendance.  We predicted that females with larger broods (out of 
necessity to supply more food) and females not given supplemental food (out of necessity 
to secure enough food to sustain themselves) would be less attentive to the nest.  We also 
predicted that females in territories with more helpers would be more attentive to the 
nest, as females would have a reduced need to leave the nest to defend the territory from 
neighboring territory members.   
With regards to fledging success, we predicted that nests with less attentive 
mothers would have greater rates of depredation. Further, we predicted that nests that 
were active later in the breeding season would fail more often (as reported in Bowman & 
Woolfenden 2001 for this species).  Finally, we predicted that territories with pairs that 
had build nests together for many years would successfully fledge young more frequently 
than shorter-tenured pairs. 
 
METHODS 
Study Species and Location 
We observed parental care in Florida scrub-jays during the breeding seasons of 
2007 and 2008. Florida scrub-jays are cooperative breeders that defend territories year-
round. Groups in our population consist of a breeding pair and from zero to seven non-
breeding helpers (modal number of helpers is 1) that are usually offspring of the breeding 
pair (Woolfenden & Fitzpatrick 1984). Non-breeders assist in territory defence, anti-
predator behaviour, and most help to raise young (i.e., feed nestlings and fledglings; 
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Mumme 1992; Schoech et al. 1996). Our study population occupies the southern part of 
Archbold Biological Station located in south-central Florida (27°10′N, 81° 2l′W, 
elevation 38–68 m) and has been described in previous studies (see Schoech et al. 1996; 
Schoech et al. 2007). Virtually all birds at our site are ringed with a unique combination 
of a United States Fish and Wildlife Service aluminium ring and plastic colour rings that 
allow for field identification of individuals. Gender determination is accomplished using 
a combination of behavioural cues (e.g., social rank, behaviour at the nest, and sex-
specific vocalisations) and genetic sexing (Woolfenden & Fitzpatrick 1996). Through 
intensive nest searching during the breeding season and periodic censuses throughout the 
year, we follow the fate of all nests and monitor the status and survival of all individuals. 
Females lay 1-5 eggs (modal clutch size = 3; Woolfenden & Fitzpatrick 1984). First 
clutches are usually initiated in early March; however, mean lay dates display 
considerable inter-year variance, ranging from mid-March to mid-April with a long-term 
mean of 29 March (Schoech 2009). Both the incubation and nestling periods average 18 
days (Woolfenden & Fitzpatrick 1984). Though capable, pairs in this population rarely 
double-brood (3 pairs produced a second brood from 2006-2009; Schoech unpublished 
data).  
 A subset of territories within our study site was provided with dry dog food (27% 
protein, 15% fat) ad libitium as supplemental food during the pre-breeding season. This 
treatment was part of a separate study investigating the effects of supplemental food on 
the timing of clutch initiation (Schoech 2009), however, because some of the 
supplemented birds were observed in this study, we needed to account for potential 
effects of supplemental feeding on parental care. Supplemental food was provided in bird 
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feeders placed within randomly chosen territories (12 territories in 2007 and 12 territories 
in 2008), but no territories were supplemented in consecutive years (see Schoech et al. 
2008). Feeders were filled daily starting 22 January in 2007 and 26 January in 2008, and 
were kept filled until the breeding female of the territory laid the first egg, whereupon  
supplementation ceased (see Schoech 2008 for additional details). 
 
Nest Watches 
Florida scrub-jays are socially and genetically monogamous (Quinn et al. 1999); 
therefore, analyses of paternal care are not confounded by the presence of extra-pair 
offspring in a given nest. Nestlings are fed an exclusive diet of invertebrates and small 
vertebrates, primarily the former (Sauter et al. 2006). In this species, only female 
breeders incubate eggs and brood nestlings (Woolfenden & Fitzpatrick 1984; Hailman & 
Woolfenden 1985). Further, for the first week after hatching, female breeders rarely leave 
the nest while brooding young, whereas male breeders are the primary provisioners, 
bringing food to both the female breeder and the nestlings (Rensel et al. 2010; Wilcoxen 
et al. 2010) 
We observed parental behaviour and feeding of nestlings at 22 nests in 2007 and 
38 nests in 2008. Watches were completed by TEW on days 3 - 5 post-hatch (day 0 = the 
day the first egg of a clutch hatches). Nest watches took place for one hour in the 
morning and one hour in the evening and were begun between 0700 - 1000 h or 1500 - 
1800 h EST, respectively, times which correspond with peak jay activity (Woolfenden & 
Fitzpatrick 1984). This length of time for focal watches was also used in a previous study 
by Schoech et al. (1996) during days 9 - 12 post-hatch. 
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Nest observations were made from within a hide 30 - 60 m from the nest (mean 
observation distance = 38.8 m). For each provisioning visit we documented the 
following: identity of visitor, time of visit, and categorical food score (an index of food 
quantity; Stallcup & Woolfenden 1978; Mumme 1992; Schoech et al. 1996). Categorical 
food score was determined by assigning each bolus of food a value of 1 - 3. Small items 
that did not distend the provisioner’s throat (sublingual pouch) were given a value of 1. 
Large prey items that distended the throat or fully protruded from the bill were given a 
value of 3. Intermediate bolus sizes were given a value of 2. When the bill and sublingual 
pouch were obstructed from view upon delivery, the amount was recorded as 1 (this 
occurred in ~8.1 % of all visits).  The total food score was compiled for each one-hour 
watch to generate a provisioning rate (food delivered per hour). There were no 
differences between morning (9.92 ± 052 SEM) and afternoon (9.83 ± 0.47 SEM) 
provisioning rates (paired t-test; t1,63 = .29, P = 0.77); therefore, morning and afternoon 
data were summed and collapsed into one variable for further analyses. 
Approximately one half of breeding pairs have non-breeding helpers in the 
territory, most of which assist with offspring provisioning. During the early nestling 
stage; however, helpers are largely excluded from the immediate nest area. Of the 60 
watches and 598 observed visits in this study, non-breeders delivered food to the nest 16 
times (2.7 %), and in all but one visit, the food brought by a non-breeder was taken by the 
female breeder and not fed to nestlings. This exclusion begins when eggs are laid; 
however, helping at the nest by non-breeders occurs regularly by the time the nestlings 
are 9 - 12 days old (Schoech et al. 1996). Although provisioning by non-breeders during 
the first few days immediately post-hatch is negligible, they may provide territory 
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defence and alert breeders to predators. The vigilance provided by non-breeders may thus 
influence provisioning rates or nest attendance of breeders; therefore, we also 
documented the number of non-breeders in the territory during days 3 – 5 post hatch. 
 
Female Nest Attendance 
  We recorded the amount of time the female spent on the nest, the number of times 
she left the nest, and duration of her time away from the nest during two one-hour focal 
watches. From these data, we calculated the proportion of time the female spent off the 
nest. There was no difference in female breeder time off the nest between morning (0.37 
(M) ± 0.02 SEM) and afternoon watches (0.39 (M) ± 0.02 SEM. Paired t-test; t1,57 = -
0.80, P = 0.43), therefore the proportion of time off the nest used in analysis was a 
product of the total number of minutes off the nest / total length of two watches (120 
min). There was also no significant difference in the number of female departures from 
the nest between morning (2.2 (M) ± 0.13 SEM) and afternoon (2.4 (M) ± 0.12 SEM) 
watches (t1,57 = -1.15, P = 0.26); therefore, the total number of departures from the two 
watches were summed and collapsed into a single variable prior to principal components 
analysis. 
We used principal components analysis to reduce female departures from the nest 
and time off the nest into a single variable – nest absence score.  Only principal 
component 1 (PC1) was extracted, and it had an eigenvalue of 1.57, explaining 78% of 
the variance, therefore the extracted values were saved as a variable (nest absence score) 




Only 49% of nests, on average, successfully fledge young in this population 
(Bowman & Woolfenden 2001). Predation is the leading cause of nest failure, accounting 
for 67% of egg loss and 85% of nestling loss (Woolfenden & Fitzpatrick 1984). Each nest 
was monitored for survival to fledging by checking the nest every 3 - 4 days during the 
nestling phase. Starting on day 17 post-hatch, we visited the nest daily to determine 
fledging date and the number of individuals that had fledged. Care was taken to 
cautiously approach the nest to avoid ‘force fledging’ of young. Nests were considered to 
have successfully fledged young if nestlings that had been in the nest on the previous 
day’s visit (starting with day 17) were absent on the subsequent day’s visit or if at least 
one fledgling was located in the immediate area of the nest. In 95% of cases, successful 
fledging was confirmed through sighting of the fledgling(s) or by feeding mealworms to 




To investigate factors influencing female breeder nest attendance, we ran Linear 
Mixed Models (LMM) with female nest absence score as the dependent variable. 
Because some females were observed in both 2007 and 2008, we used female breeder 
identity as a random variable to control for potential non-independence of the data. Pre-
breeding food supplementation treatment (supplemented or not), and year were included 
as fixed factors. The total amount of food delivered to the nest by the male breeder, the 
number of nonbreeders in the territory, day of year, pair bond duration (number of years 
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as a pair), female breeder age (range 2-13 years), and brood size were all included as 
covariates in the model. We included food supplementation treatment in the model to test 
for the potential carry-over effects of supplemental food prior to clutch initiation on nest 
attendance behaviour after hatching.  Year was included to test for potential differences 
in attendance behaviour, given variation in environmental conditions between the years. 
The total amount of food delivered to the nest by the male breeder was included in the 
model to test whether the provisioning effort of the male breeder contributed to female 
nest attendance patterns. The number of nonbreeders in the territory during nest 
observations was included as a covariate to control for the potential influence of other 
birds in the territory on female nest attendance patterns. Pair bond duration was included 
because it is known to influence nest attendance patterns in other species. Female breeder 
age was included in the model to test whether or not investment in maternal care of 
offspring differs among different-aged females. Finally, brood size was entered as a 
covariate in these analyses to control for the possibility that variation in nest attendance 
patterns are simply a product of differences in the nutritional demands associated with 
brood size.  To select the final model, all non-significant two-way interactions (P > 0.05) 
were iteratively removed, however, all main effects and significant interactions were 
retained in the final model. Though the iterative removal of non-significant terms from a 
model has been questioned recently (Gurka 2006, Bolker et al. 2008), we had specific 
hypotheses associated with each interaction and were not simply ‘data snooping’, and 
have retained all main effects, significant and otherwise, to reduce the inflation of error in 
model selection (Bolker et al. 2008). Unless specified as estimated marginal means 
(EMM), data presented below are means (M) ± SEM. The analyses were conducted in 
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PASW (Version 17.0). 
To investigate the importance of male and female parental behaviour for the 
successful fledging of young, we used Generalised Linear Mixed Models (GLMM, 
SAS™ PROC GLIMMIX) with a binary response variable (fledged = yes or no) and logit 
link function, along with a Satterthwaite degrees of freedom adjustment.  Female breeder 
identity was included as a random variable because some of the same females were 
observed in both years. We chose to use a binary dependent variable because partial 
depredation in our population is rare (Schaub et al. 1992), and of the 58 nests observed in 
this study, only 9 had any partial loss of a brood (from brood reduction or depredation), 
and in the other 49 nests, either all fledged or none fledged. The distribution of fledging 
success, therefore, was largely bimodal. In this GLMM, year was included as a fixed 
factor, and female nest absence score (calculated from principal components analysis, see 
above), the total amount of food delivered to the nest, visits to the nest by the male 
breeder, female breeder age, day of year, brood size, pair bond duration (the number of 
years the breeding pair had been a pair), and group size were included as covariates. We 
also included two-way interactions between year and each of the measures of parental 
care (amount of food delivered, female nest absence, and visits to the nest).  
 
RESULTS 
Correlates of Female Nest Attendance  
There was a significant effect of food supplementation on female nest absence 
score (F 1, 46 = 4.10, P = 0.05; Table 1). Supplemented females had lower nest absence 
scores (0.63 (EMM) ± 0.21 SEM) than females in non-supplemented territories (-0.52 ± 
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0.14 SEM). There was also a significant interaction between supplemental food treatment 
and total food delivered by the male breeder (F 1,46 = 6.50, P = 0.01). In territories that 
had been supplemented (as noted above, in all cases supplementation ended with clutch 
initiation), there was no relationship between male breeder provisioning rate and female 
breeder nest absence score (linear regression: R2 = 0.01, F 1,17 = 0.06 P = 0.808; Fig. 1); 
however, in non-supplemented territories, female nest absence score was inversely 
correlated with male provisioning rate (R2 = 0.23, F 1,37 = 10.76, P < 0.01; Fig. 1) 
The interaction between day of year and food supplementation was also 
significant (F1, 46 = 4.17, P = 0.05) In territories that had been supplemented, day of year 
was not correlated with female nest absence score (R2 = 0.05, F 1,17 = 0.892, P = 0.36); 
however in territories that had not been supplemented, there was a weak trend toward 
increased nest absence score at nests that were active later in the year (R2 = 0.07, F 1,37 = 
1.07, P = 0.06). Finally, there was a significant interaction between food supplementation 
treatment and brood size (F1,46 = 4.02, P = 0.05). In territories that were not 
supplemented, there was no significant relationship between brood size and female nest 
absence score (R2 = 0.01, F 1,37 = 0.08, P = 0.79), and there was also no significant 
relationship between brood size and nest absence score in supplemented territories (R2 = 
0.04, F 1,17 = 0.75, P = 0.41), however, the plot of the data points went in opposite 
directions (in supplemented territories, there was a suggestion of decreased nest absence 
with increased brood size, and in non-supplemented territories, there was a suggestion of 
increased nest absence with increased brood size).  There were no significant main effects 
of year, total food delivered by the male breeder, pair bond duration, female breeder age, 
day of year, brood size, or the number of helpers on female breeder nest absence score.  
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All two-way interactions not described above and shown in the model were removed (P > 
0.10 in all cases) prior to selecting the final model (Table 1). Female identity (random 
factor) was statistically significant (Wald Z = 3.36, P < 0.01), therefore it was retained in 
all models.  
 
Table 1.  Results from Linear Mixed Model with Florida Scrub-Jay female breeder nest 
absence (extracted from a principal components analysis of departures from the nest and 
proportion of time away from the nest over two, one-hour watches) as the dependent 
variable and female breeder identity as a random factor. Year and food supplementation 
were included as categorical fixed factors and all other variables were included as 
covariates. The final model is shown following removal of non-significant two-way 
interactions (P < 0.10 in all cases). Significant variables are in boldface. Data was 
collected in 2007 and 2008. 
 
Variable Num. df Den.  df F P 
Year 1 46 0.24 0.624 
Supplementation 1 46 4.10 0.049 
Female Age 1 46 0.00 0.971 
Pair Bond Duration 1 46 0.16 0.689 
Day of Year 1 46 0.02 0.869 
Nonbreeders 1 46 0.46 0.501 
Brood Size 1 46 0.02 0.877 
Total Food Delivered 1 46 0.67 0.414 
Supplement*Day of Year 1 46 4.17 0.047 
Supplement*Brood Size 1 46 4.01 0.051 
Supplement*Total Food 1 45 6.50 0.014 
 
 
Parental Behaviour and Fledging Success 
Female nest absence score (F1,47 = 5.39 P = 0.02) and year (F1,47 = 5.54, P = 0.02) 
were each correlated with the probability that at least one nestling fledged per nest (Table 
2). Female breeders with lower absence scores were more likely to fledge young (Fig. 2), 
while the probability of fledging was greater in 2008 (0.81 (EMM) ± 0.06 SEM) than in 
2007 (0.57 (EMM) ± 0.11 SEM). With regards to the probability of fledging, the 
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covariates pair bond duration, female breeder age, day of year, brood size, male breeder 
visits, and total food were not significant (Table 2). There were no significant interaction 
terms (P > 0.10 in all cases), thus, no interactions were retained in the final model. 
Female identity (random factor) was statistically significant (Wald Z = 2.50, P = 0.01), 
therefore it was retained in all models. 
 
 
Table 2. Results from Generalised Linear Mixed Model with data from 2007 and 2008 
for Florida Scrub-Jays with fledging success (fledged or did not fledge) as the binary 
response variable with logit link and female breeder identity as a random variable and a 
Satterthwaite degrees of freedom adjustment. Year was included as a fixed factor and all 
other variables were included as covariates. The final model is shown following removal 
of non-significant two-way interactions (P < 0.10 in all cases). Significant variables are in 
boldface. Data was collected in 2007 and 2008. 
 
Variable Num. df Den.  df F P 
Year 1 48 5.54 0.023 
Brood Size 1 48 0.34 0.564 
Male Breeder Visits 1 48 0.03 0.874 
Day of Year 1 48 0.10 0.748 
Female Nest Absence 1 48 5.39 0.025 
Pair Bond Duration 1 48 1.96 0.168 
Female Breeder Age                   1                   48                  0.48           0.490 




Female Florida scrub-jays had lower nest absence scores during the early nestling period 
if they had been supplemented with high protein, high fat food during the pre-breeding 
season. This result is interesting because while other studies have examined the 
interaction between food availability and parental care relative to resource availability 
during breeding (e.g., Sanz 1996; Eikenaar et al. 2003; Zimmerling & Ankey 2005; 
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Eldegard & Sonerud 2009), our results suggest that the acquisition of resources prior to 
reproduction may play a substantial role in determining patterns of parental behaviour 
and subsequent reproductive success (see also Boutin et al. 2000), as most research of 
this nature has only manipulated food availability during the incubation, brooding, and 
post-fledging stages (see review by Chalfoun & Martin 2007). In general, other studies 
show that taking advantage of a high-quality supplemental food source keeps adults in 
better physiological condition (Cucco et al. 2002, Clinchy et al. 2004) and consequently 
allows them to spend less time and energy foraging and more time provisioning and nest 
guarding (Martin 1987; Dewey & Kennedy 2001).  While we found that female breeders 
given supplemental food were generally more attentive to the nest, the male breeder’s 
provisioning effort in such territories had no effect on female nest attendance. However, 
nest absence score as inversely related to male breeder provisioning in non-supplemented 
territories. Thus it appears that the importance of the male breeder’s contributions for the 
female breeder’s nest attendance may be relative to the amount of food already available 




Fig. 1. Relationship between male breeder provisioning rate and female nest absence  
score. There was a significant interaction between pre-breeding food 
supplementation treatment and total amount of food delivered by the male breeder 
relative to female breeder nest absence score; therefore, supplemented and non-
supplemented territories are shown separately. Open circles (dashed line) = 
supplemented and closed circles (solid line) = non-supplemented. 
 
 
 Our findings agree with other experimental studies in which supplemental food 
was provided during nesting, revealing that increasing food supply before hatching often 
increases nest attentiveness (Gill et al. 2002; Rastogi et al. 2006; see also review by 
Chalfoun & Martin 2007). In a long-term food supplementation experiment, Schoech et 
al. (2008) also showed that Florida scrub-jay breeders supplemented during pre-breeding 
had greater reproductive success than non-supplemented breeders. The authors concluded 
that greater total clutch investment (i.e. larger clutch sizes associated with early breeding) 
was probably the most important contributor to increased reproductive output by 
supplemented birds, but that early breeding itself (i.e. increased opportunities for re-
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nesting following nest failure) also contributed to the result. Schoech et al. (2008) also 
suggested that the increased body condition and cached food available to food-
supplemented jays may have allowed them to increase investment in offspring and focus 
less on searching for food for self-maintenance. Our results lend some support to this 
conclusion: previously supplemented female breeders may have been in better condition 
going into breeding, which could account for their increased brooding effort. Florida 
scrub-jays do not feed the dog food provided as supplemental food to the nestlings 
(Wilcoxen et al. 2010), but while the amount of cached dog food utilised by food-
supplemented birds during nestling rearing is not known, supplemented females may 
have been able to spend less time away from their nests because, rather than leaving the 
area to search for food, they were able to go directly to caches in the general vicinity of 
the nest.  
 Female nest attendance in our study was not correlated with female age or pair 
bond duration, independent of year or food supplementation treatment. Reid (1988) found 
that older glaucous-winged gulls (Larus glaucescens) left their territories vacant for less 
time than younger birds and concluded that these patterns were indicative of better 
coordination of nesting activities in the experienced birds. Conversely, Hamer and 
Furness (1991) found that older great skuas (Stercorarius skua) spent less time in their 
territories (a measure assumed to reflect parental care) than younger birds, although they 
had greater reproductive success. In the latter study, decreased nest attendance 
represented increased investment in offspring because breeders absent from the nest were 
almost exclusively foraging and older adults continually provided chicks with easily 
digestible food of high caloric value while consuming less nutritious food for themselves. 
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Hamer and Furness (1991) concluded that older birds appeared to be more willing to risk 
predation of their chicks in an effort to maintain chick growth rates. In our system, the 
female breeder contributes a marginal amount of food to the nestlings in the few days 
post-hatching (approximately 6.5% of food delivered during the two watches). In contrast 
to the findings of Hamer and Furness (1991), increased female attendance in our species 
was associated with increased food delivery to the nest. We do know that food delivery 
to the nest increases with male breeder age in Florida scrub-jays (Wilcoxen et al. 2010). 
However, in this population of Florida scrub-jays, though there are pairs where both 
breeders are old, there is substantial variation in the ages and years of experience between 
male and female breeders. This variation may effectively eliminate any directional 
patterns between attendance and age in Florida scrub-jays. 
 All instances of nest failure in this study were due to depredation, as opposed to 
nestling starvation, which is rare in this population (Woolfenden & Fitzpatrick 1984). 
The nest attendance measure we used in this study incorporated both time away from the 
nest and the number of departures from the nest, and it is possible that this increased 
activity attracted the attention of predators (Leech & Leonard 1997), although the 
absence of a significant relationship between male breeder visits and fledging success 
suggests otherwise (Table 2). Nestling Florida scrub-jays typically beg when the female 
is not brooding (Mumme 1992); therefore, begging nestlings in the absence of the female 
or in response to her return are likely to attract predators. Though predation by snakes is 
the most common cause of nest failure in this population, medium-sized mammals, and 
birds are also known to depredate Florida scrub-jay nests during brooding (Schaub et al. 
1992).  In other species, prolonged absence from the nest increases the vulnerability of 
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the nest to incidental predation (Cadiou & Monnat 1996; Samelius & Alisauskas 2001; 
Tewksbury et al. 2002). Such incidental predation would seemingly be common with 
snake predation, as snakes are unlikely to cue in on the sound of begging nestlings or the 
visual stimulus of parental activity around the nest.  The departures and returns associated 
with time away from the nest for female breeders and the sound of begging nestlings may 
well attract more visual or aural predators such as mammals and birds.  Aside from 
reducing the attention drawn to the nest by frequent flights to and fro and reducing the 
attention drawn by the sound of begging nestlings, Florida scrub-jay females that spend 
more time at the nest may also be able to successfully defend the nest from attempted 
predation. Rastogi et al. (2006) found that increased food availability and increased nest 
defence did not successfully deter nest depredation at the nestling stage because song 
sparrows cannot successfully defend a nest from large avian predators, medium 
mammals, or snakes  (also reviewed in Weatherhead & Blouin-Demers 2004). Florida 
scrub-jays (~75 g body mass) are substantially larger than song sparrows (~40 g body 
mass. Rogers 1987), and combined with their ability to ‘recruit’ other group members to 

















Fig. 2. Results from a Generalised Linear Mixed Model showing, based on fixed and  
random effects (female breeder identity), the probability of fledging young as a 
function of female breeder nest absence score (principal component one from a 
principal components analysis extraction using number of departures and time 
away from the nest as variables).  
 
 
Overall, it appears that abundant food for a breeding pair promotes increased 
fledging success. Females that showed lower nest attendance were less likely to fledge 
young.  Rensel et al. (2010) found that Florida scrub-jay nestlings with less attentive 
mothers had higher baseline corticosterone levels (the primary avian stress hormone) than 
nestlings with more attentive mothers. Combined with results from the present study, it is 
evident that in the Florida scrub-jay, reduced female nest attendance can, in some cases, 
have both sub-lethal (higher corticosterone levels which can interfere with numerous 
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Chapter 7  Selection on innate immunity and body condition in Florida scrub-jays  
       throughout an epidemic  
 
 
Opportunities to investigate selection in free-living species during a naturally occurring 
epidemic are rare; however, we assessed innate immunocompetence in Florida scrub-jays 
before the population suffered the greatest over-winter mortality in 20 years of study. 
Propitiously, 3 months prior to the epidemic, we had sampled a number of male breeders 
to evaluate a suite of physiological measures that are commonly used to estimate the 
overall health-state of an individual.  There was a significant, positive selection gradient 
for both Escherichia coli bacterial killing capability and body condition, suggesting that 
directional selection had occurred upon each of these traits during the disease epidemic.  
 
Key Words: Aphelocoma coerulescens, ecoimmunology, directional selection 
 
 
1.  INTRODUCTION 
 
An individual’s ability to survive disease should be correlated with their 
immunocompetence and thus it is often assumed that greater measures of 
immunocompetence generally indicate greater immunity (for review see Ardia & Schat 
2008). Although many studies have investigated the relationship between survival and 
immune response through immune challenges (see review by Møller & Saino 2004), a 
missing component is evidence of resistance against a naturally occurring disease. Our 
understanding of the relationship between immunity to a pathogen and survival is 
complicated, because immune capability can vary with overall body condition (Ardia & 
Schat 2008), reproductive state or effort (Sheldon & Verhulst 1996), and physiological 
stress (for review see Sapolsky et al. 2000).  
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 Other studies have examined traits favoured by selection during catastrophic 
events; however, none have implicated a pathogen outbreak as the cause (e.g. Bumpus 
1899; Price & Grant 1984). More recently, Nolan et al. (1998) found that smaller house 
finches (Carpodacus mexicanus) were more likely to survive an outbreak of 
mycoplasmal conjunctivitis. Here we report, for the first time in birds, directional 
selection on an immunocompetence trait during an epidemic.  
Between July 2008 and January 2009, 39% of our study population of Florida 
scrub-jays died. This is more than twice the annual mortality rate (long-term average of 
approximately 18%; Woolfenden & Fitzpatrick 1984). Although we do not know the 
exact time-course of all fatalities, many died between mid-July and October and this was 
almost certainly a consequence of a disease epidemic. As part of a project on breeding 
male Florida scrub-jays, we had collected data 3 months prior to the epidemic. These 
data, bacterial killing ability (BKA), body condition, baseline levels of the avian stress 
hormone, corticosterone (CORT), and reproductive effort for 32 breeding males, allowed 
us to determine whether measures of constitutive immune response, body condition, 
stress, or reproductive effort were subject to selection during this epidemic.  
2. MATERIAL AND METHODS 
 
(a) Study species and location 
Our study population of Florida scrub-jays occupies the southern part of Archbold 
Biological Station in Florida (27°10'50" 81°21'00”). All birds are identifiable by unique 




(b) Capture and blood sampling 
Four days following hatching of its clutch, we used Potter traps to capture that territory’s 
male breeder. We then collected a small blood sample from the brachial vein within two 
minutes to measure baseline CORT levels (Romero & Reed 2005). Subsequently, we 
collected a sterile blood sample and 40µl was transferred to a vial containing 400µl of 
CO2-independent media (catalog #18045: GIBCO Invitrogen, Carlsbad, CA) with 4mM 
L-glutamine (Sigma, #G-6392) for use in an in vitro BKA (see below). Blood samples 
were kept on ice until return to the lab (<60 min). Microhematocrit tubes containing 
samples for measurement of baseline CORT levels were centrifuged and plasma was 
frozen and stored at -20° C until radioimmunoassay. 
(c) Bacterial killing assay 
We followed the protocol of Millet et al. (2007) to assay Escherichia coli (ATCC #8739) 
and Staphylococcus aureus (ATCC #6538; Microbiologics, St. Cloud, MN) killing 
ability. An 110µl suspension of bacteria and diluted blood was incubated in a heat-block 
at 41˚C (based upon average passerine body temperature; Gill 2007) for 20 min to 
stimulate an immune response. Two 50µl aliquots were spread onto separate trypticase 
soy agar plates and incubated overnight at 37˚C. Controls consisted of 10µL of the 
reconstituted bacterial culture diluted in 100µL of media. Colonies were counted 24 
hours later and bactericidal activity was calculated as the proportion of bacterial colonies 
killed in samples as compared to controls. A nearly identical procedure that differed only 





We measured plasma CORT concentrations with a single direct radioimmunoassay 
(RIA). The RIA used tritiated CORT from PerkinElmer, Inc. (Boston, MA) and CORT 
antiserum from Esoterix Inc. (Calabasas, CA). The intra-assay CV was 16%. CORT 
values were not normally distributed; therefore, data were square root transformed. For 
RIA details, see Schoech et al. (1997). 
(e) Body condition index 
As per the methods of Green (2001), we derived a body condition index (BCI) using a 
principal components analysis of structural measures (head breadth and the lengths of the 
head-plus-bill, wing cord, tail, and tarsus). PC1 (variance explained = 0.57) was 
regressed upon body mass and the resultant residuals served as the BCI. 
(f) Paternal effort  
Both the incubation and nestling stages average 18 days, and fledglings reach nutritional 
independence at 70 days-of-age (Woolfenden & Fitzpatrick 1984). We estimated paternal 
effort by summing the total days that a breeding male cared for offspring, corrected for 
the number of offspring. If we did not know the exact date of either nest failure or of the 
death of dependent young, we used an estimate based upon the last observation.  
(g) Statistical analysis  
Because the disease outbreak occurred three months after most data were collected, we 
used data for E. coli killing and body condition indices from multiple captures at different 
times to determine repeatability (interclass correlation coefficient; Lessells & Boag 
1987). We could not assess repeatability for S. aureus BKA as we had only 32 captures, 
each of different birds, from 2008. E. coli BKA was highly repeatable within individual 
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males (r = 0.825, F13,52 = 4.296, p = 0.003) as was BCI (r = 0.640, F15,54 = 2.243, p = 
0.043), thus, immunocompetence and body condition at the time of sampling could 
reflect those at the time of the outbreak. 
   Data were standardized by dividing all values by the standard deviation (Lande & 
Arnold 1983; Grant & Grant 1995) prior to selection analysis. The selection differential 
(S, the net effect of selection on a trait) was calculated as the difference between the 
mean value of the trait in all birds sampled and the mean value of the trait in only the 
survivors. We used t-tests to assess statistical significance of the selection differential.  
We also calculated the direct effect of selection on each trait, or selection gradient (ß), by 
estimating the partial regression coefficient of relative fitness (survival) on each trait. We 
used a logistic regression analysis (Grant & Grant 1995) to assess significance of the 
selection gradients (dead = 0 and alive = 1 in all analyses). The variables considered 
included the two measures of immune function (BKA of E. coli and S. aureus), baseline 
CORT levels, BCI, age, and paternal effort (see above). All statistical analyses were 
conducted in PASW version 17.0 (PASW Statistics 2009).   
 
3. RESULTS 
There was a significant selection gradient for both E. coli killing ability and body 
condition index (increased E. coli BKA and greater body condition), suggesting that 
selection was acting on these traits (Table 1; Fig. 1).  No other traits showed statistically 
significant selection differentials or selection gradients during this selection event (Table 
1). Even though a selection gradient was found, there was no net effect of selection on 
any candidate trait, as evidenced by no significant difference in the means of any of our 
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measures between individuals that were alive before or after the epidemic (see Table 1 
for selection differential values).  
 
 
Table 1. Net and directional natural selection on male Florida Scrub-Jays throughout an 
epidemic in 2008. Coefficients in boldface are significantly different (p < 0.05) from 
zero. ‘S’ is the selection differential, ß is the selection gradient from a linear regression 
analysis, ‘Power’ represents the sample size necessary to have found significant results in 
each of these measures given the differences among individuals. 
 
        S              p                                                SE             p
Selection Differential                   Selection Gradient
E. coli BKA           +0.374     0.155         38            0.110         0.042       0.008
S. aureus BKA      +0.145     0.617          82            0.037         0.029       0.193
Baseline CORT     -0.249     0.584           44          -0.721         0.546      0.182
Body condition     +0.356     0.152          38            0.986         0.370       0.001
  
Age                       +0.030     0.915         500           0.046         0.170       0.361
Parental effort      -0.016      0.951         520           -0.001         0.005       0.762






We provide evidence that this disease outbreak led to directional selection on both E. coli 
killing ability (a measure of non-specific constitutive immunity) and body condition. 
Although we did not discern a significant net change in these traits after the epidemic, we 
only have comprehensive data from male breeders in the population that were feeding 
young (of which 9 of 32 died; 28%) and know little about the health-state of females or 
young-of-the-year (a demographic that suffered 51% mortality). Further, a power analysis 
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shows that (for some measures) only a slightly larger sample size could have revealed 
significant net selection (see Table 1). Also, a screening of survivors showed that 75% 
had antibodies against Eastern Equine Encephalitis (EEE), strongly suggesting that this 
pathogen was responsible for the epidemic (Boughton unpubl. data). For perspective, in 
previous years EEE antibody prevalence was approximately 10% (Boughton unpubl. 
data). 
At the time of data collection a male breeder must provision his mate and 
offspring at the nest, while defending their territory. The demands remain elevated until 
the young reach nutritional independence. We speculate that the coincidence of high 
parental effort with the disease outbreak contributed to the impact of the pathogen upon 
our study population. Obviously, there are other factors that are not considered here, such 
as additional components of the immune system (Martin et al. 2006; Ardia & Schat 2008) 
and genetic quality (O’Brien & Evermann 1988) that could have contributed to survival.  
 
(a) (b)






























Figure 1. (a) Variation in E.coli bacterial killing and (b) body condition (BCI) as a 
function of survival (0=dead, 1=alive), represented as a box (25th and 75th percentiles 
with median line) and whisker (1.5 X interquartile range or max value if less) plot.  
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Though speculative, there are a number of possible reasons that we found 
directional selection in only one of two measures of innate immunity. First, in a 
comparative study with birds, Millet et al. (2007) found differences between BKA of S. 
aureus and E. coli within the same individuals. Differences that may be due to 
immunoredistribution (a temporary shifting of immune resources and function to different 
components of the immune system; Martin et al. 2006), the effectiveness or efficiency of 
toll like receptors specific for each E. coli and S. aureus (Janeway & Medzhitov 2002), or 
a population-wide difference in exposure history to these bacteria (Keeler et al. 2007).  It 
is also important to note, that although there was no statistically significant directional 
selection for S. aureus killing, the individuals that survived did have slightly greater S. 
aureus killing ability (Table 1).  
Our findings that link an aspect of immunocompetence with survival agree with 
those of other studies (reviewed in Møller & Saino 2003). Though used extensively in 
current ecoimmunology research, the BKA we used (see Millet et al. 2007) has not been 
linked to fitness in free-living animals. Our results confirm that these measures can be 
indicators of individual quality and fitness, and support the findings of other avian studies 
(i.e. Råberg & Stjernman 2003; Hanssen et al. 2004) in that physiological condition 
during one life-history stage can carry over and influence survival during other life-
history stages. 
 
All methods were approved by the University of Memphis IACUC. 
 
 139 
We thank the personnel of Archbold Biological Station, particularly R. Bowman. We also 
thank M. A. Rensel and G. M. Morgan. This research was funded by the National Science 
Foundation (IBN-0346328 to SJS, IOS-0909620 to SJS & TEW, & SGER-0855879 to R. 
Bowman & RKB), and a Van Vleet Memorial Fellowship (to TEW from the College of 
Arts and Sciences at the University of Memphis). We also thank three anonymous 
reviewers for comments on a previous version of this manuscript.  
 
Ardia, D. R. & Schat, K. A. 2008. Ecoimmunology. In; The Immunology of Birds (eds.  
      F. Davison, B. Kaspers, K.A. Schat). Cambridge, MA: Elsevier. 
Bumpus, H. C. 1899. The elimination of the unfit as illustrated by the introduced house  
sparrow, Passer domesticus. Biol. Lectures, Marine Biol. Lab Woods Hole, 209- 226.  
Gill, F. B. Ornithology. 3rd edn. New York: W.H. Freeman & Company. 
Grant, P.R. & Grant, B.R. 1995. Predicting microevolutionary responses to directional 
selection on heritable variation. Evolution 49, 241-251. 
Green, A. J. 2001. Mass/length residuals: measures of body condition or generators of 
spurious results? Ecology 82, 1473-1483.  
Hanssen, S. A., Hasselquist, D., Folstad, I., & Erikstad, K. E. 2004. Costs of immunity:  
immune responsiveness reduces survival in a vertebrate. Proc. R. Soc. Lond. B. 271, 
925-930. (doi: 10.1098/rspb.2004.2678) 
Janeway, C. A. & Medzhitov, R. 2002. Innate immune recognition. Annu. Rev. Immunol. 
20, 197-216. (doi: 10.1146/annurev.immunol.20.083001.084359) 
Keeler, C. L., Bliss, T. W., Lavri, M. & Maughan, M. N. 2007. A functional genomics 
approach to the study of avian innate immunity. Cytogen. Genome Res 117, 139-145.  
 140 
Lande, R. & Arnold, S.J. 1983. The measurement of selection on correlated characters. 
Evolution 27, 1210-1226. 




Martin, L. B., Weil, Z. M. & Nelson, R. J. 2006. Refining approaches and diversifying 
directions in ecoimmunology. Integ. Comp. Biol. 46, 1030-1039. 
(doi:10.1093/icb/icl039) 
Millet, S., Bennett, J., Lee, K. A., Hau, M. & Klasing, K. C. 2007. Quantifying and 
comparing constitutive immunity across avian species. Dev. Comp. Immun. 31, 188-
201. (doi:10.1016/j.dci.2006.05.013) 
Møller, A. P. & Saino, N. 2004. Immune response and survival. Oikos 104, 299-304.  
Nolan, P. M., Hill, G. E. & Stoehr, A. M. 1998. Sex, size and plumage redness predict 
house finch survival in an epidemic. Proc. R. Soc. Lond. B. 265, 961-965.  
O’Brien, S. J. & Evermann, J. F. 1988. Interactive influence of infectious disease and  
genetic diversity in natural populations. Trends Ecol. Evol. 3, 254-259.   
PASW Statistics 17.0. 2009. SPSS, Inc., Chicago, IL. 
Price, T. D. & Grant, P. R. 1984. Life-history traits and natural selection for small body 
size in a population of Darwin finches. Evolution 38, 483-494. 
Råberg, L. & Stjernman, M. 2003. Natural selection on immune responsiveness in blue 
tits Parus caeruleus. Evolution. 57, 1670-1678. (doi: 10.1007/s00442-003-1287-3) 
Romero, L. M. & Reed, J.M. 2005. Collecting baseline corticosterone samples in the 
field: is under three minutes good enough? Comp. Biochem. Physiol. Part A: Mol. 
Integ. Physiol. 140, 73-79. (doi:10.1016/j.cbpb.2004.11.004) 
 141 
Sapolsky, R. M., Romero, L. M. & Munck, A. U. 2000. How do glucocorticoids 
influence stress responses? Integrating permissive, suppressive, stimulatory, and 
preparative actions. Endocr. Rev. 21, 55-89. (doi: 10.1210/er.21.1.55) 
Schoech, S. J., Mumme, R. L., & Wingfield, J. C. 1997. Breeding status, corticosterone, 
and body mass in the cooperatively breeding Florida scrub-jay (Aphelocoma 
coerulescens). Physiol. Zool. 70, 68-73. (doi: 10.1086/639545) 
Sheldon B. C., Verhulst S. 1996. Ecological immunology: costly parasite defences  
      and trade-offs in evolutionary ecology. Trends Ecol. Evol. 11, 317–321.    
Woolfenden, G. E. & Fitzpatrick, J. W. 1984. The Florida scrub jay, demography of a  















Chapter 8   Conclusion 
 
 By integrating ecological, behavioral, immunological, and physiological 
theoretical framework and techniques, I have been able to uncover a number of 
interesting age-related patterns in Florida Scrub-Jays.  Though reproductive senescence is 
apparent in females in the hatchability of eggs (Chapter 2) and in the production of 
fledglings (Chapter 3), and in fledgling production (Chapter 3) and reproductive hormone 
levels (Chapter 3) for males, there are many other patterns that suggest that only the 
highest-quality birds survive to old age in this population.   
For example, despite having decreased levels of luteinizing hormone and 
testosterone, which are essential for reproductive behavior, older male breeders provision 
more food to their offspring with no apparent increased cost to themselves (Chapter 5).  
The increased paternal effort also seems to play a key role in the maternal behavior of 
female breeders, thus, old male breeders may not only be increasing the chances of 
offspring survival to recruitment through their own direct efforts, they may also enhance 
the quality of their offspring indirectly by making their mates into ‘better mothers’ 
(Chapter 5).  
Older males and females show significantly greater corticosterone responses to 
stressful events (Chapter 4) – a feature that is considered adaptive in the short term and 
essential to promote survival – yet is by no means to be expected in old birds that are less 
likely to survive to another breeding attempt. Older male breeders tend to have stronger 
innate immune function (Chapter 5) and in fact, when an epidemic of Eastern equine 
encephalitis killed a large proportion of our population, old male breeders were not hit 
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any harder than any other age group (Chapter 7), which, again, is counter to what would 
be predicted and also in conflict with patterns that are generally observed in other wildlife 
studies of the impact of disease on a population.  
In concert, these results suggest that the patterns of reproductive success, parental 
care, physiological profiles, and immune function that I observed among different aged 
individuals in this population are a product of both degeneration of physiological systems 
that is standard for aging vertebrates, but also selection acting on the species to ‘cull’ low 
quality individuals from the breeding population well before they reach old age, leaving 
only high-quality individuals as representative of the oldest age groups.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
